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SUMMARY

This final report describes research on laser interaction with matter
carried out at the Francis Bitter Natiomal Magnet Lgbonatory under sponsor-
ship of the Air Force Office of Scientific Research. he research performed
under this program has covered a broad range of subjects involving laser
interaction with both gaseous and solid target laser plasmas, and with
development of plasma diagnostic techniques suitable for our laser-produced
plasmas.

In this report we oniyﬁigcludg%detailed descriptions of research activi-
ties during fiscal years 1978 and 1979. These include a study of stimulated
Brillouin scattering in transverse magnetic fields; development of X-ray
diagnostics including X-ray continuum measurements, spectroscopy, and
imaging techniques and their use in studying solid target plasmas; develop-
ment of a fast schlieren photography system; and a theoretical study of
nonlinear scattering techniques for plasma diagnostics...In a separate
package accompanying this report are included reprints of puyblications and
doctorate theses that have resulted from this work.

Research performed under this program since its inception up to fiscal
year 1978 have been described in detail in technical publications and in
previous year end reports. A partial listing of these publications is in-
cluded in Appendix A. This earlier research covered the topics of laser-
induced gas breakdown in a magnetic field, laser heating of underdense
plasmas, laser-driven detonation waves, collisions between laser-driven
fronts, laser beam transport through long plasma columns, radial dynamics

of the columns causing laser beam self-trapping, and development of a soft

X-ray continuum temperature diagnostic using differential gas absorbers.
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INTRODUCT ION

Since the early seventies, the Air Force Office of Scientific Research
has supported, at the Francis Bitter Natjonal Magnet Laboratory of the
Massachusetts Institute of Technology, a research program to investigate the
interaction of intense CO2 laser radiation with matter in high magnetic
fields. This Air Force sponsored research has resulted in substantial scien-
tific advances in the understanding of many phenomena occuring during the
irradiation of matter by an intense laser beam.,

This f£inal report includes detailed descriptions of the research activi-
ties during only the fiscal years 1978 and 1979. Some of this work is
described in meticulous detail in two doctorate theses accompanying this
report, Earlier work under this grant is well described by reprints of
publications in the technical literature, which also accompany this report,
and by earlier year end reports.

Chapter I describes a study of the effects of a strong magnetic field on
the stimulated Brillouin backscattering instability when the fiéld is nearly
perpendicular to the laser propagation direction. This theoretical and
experimental study identifies several magnetic field effects that might be
important if strong self-magnetic fields are generated in laser targets.

Chapter II describes the study of solid target plasmas using a variety
of X-ray diagnostics and involves development of soft X-ray spectroscopic
techniques using helium and lithium-like emission lines to determine plasma
density and temperature. Other X-ray diagnostics used are X-rav pinhole

photography, differential continuum measurements, and collimator plate

imaging.

(79
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Chapter ITI describes the development of a schlieren photography system
for studying the evolution of laser-heated gaseous target plasmas. The
system utilizes a pulsed nitrogen laser so that it provides 10 nsec time
resolution, and two dimension of spatial resolution.

Chapter IV details an extensive theoretical study of four-photon non-
linear scattering processes in plasmas. These nonlinear electromagnetic
interactions may provide powerful new tools for plasma temperature diagnostics
since they can produce considerable signal enhancement over conventional
scattering techniques, and, being coherent interactions, produce a collimated
scattered beam.

In the appendices we provide a partial list of technical publicatioms,
one of conference presentations and seminars, and a list of students' theses
relating to work carried out during the period of this AFOSR grant.

Other areas of research described in accompanying jourmal reprints cover
a broad range of phenomena involved in laser interaction with magnetized,
underdense, gaseous-target plasmas. Laser-induced gas breakdown was found
to be affected by a magnetic field through inhibition of particle diffusion.
Both axial and radial dynamics of laser-generated plasma columns were studied
including bleaching waves, laser-driven detonation waves, collisions between
laser driven fronts, radial expansion, and the accompanying laser beam self-
trapping. In addition, the soft X-ray continuum temperature diagnostic was

extended to use with low flux levels by using gas differential absorbers in

place of the more conventional thin films.




I. Stimulated Brillouin Scattering in a Strong Transverse Magnetic Field

I.A. Introduction

Stimulated Brillouin scattering has been identified as probablv the
most important non-linear interaction leading to losses in laser heating
of plasmas. Thus it is a subject of considerable interest in laser
fusion research. While it has been the subject of a large amount of both
theoretical and experimental study, very little attention has been given to
the effects of strong magnetic fields im the plasma, this despite the
presence of fields estimated to be in the 100s of Tesla in plasmas
surrounding laser imploded pellets.

The experience of the group with laser plasma interaction studies and
the availability of controlled high magnetic fields at the Francis Bitter
Magnet Laboratory provided a good basis for such a study. This study has
involved a theoretical and experimental effort to identify and evaluate
the effects of a magnetic field immersed in an irradiated plasma with the
field direction nearly perpendicular to the laser propagation direction.

A 300 J CO2 laser was used to irradiate plasmas of a number of zases in
fields of up to 10T.

The results of the theoretical study will be given ia Section I.3.

and the experiment will be described in Section I.C. Section I.D. zives

the comparisons between experiment and tiaeorv and the conclusions of the

s e




I.B. Theoretical Results

Stimulated Brillouin scattering (SBS) is the decay of a photon of
a strong electromagnetic field incident on a plasma into a quantum of
a plasma sound wave (ion-acoustic wave) and a second photon down-shifted
in frequency. It is a stimulated process since the decay probability is
proportional to the amplitude of the ion-acoustic wave already present in
the plasma. Thus such an ion-acoustic wave grows exponentially under the
influence of the instability, as does the fraction of the incident field
that is scattered, until convection or saturation limits the growth.
The effects of the magnetic field on stimulated Brillouin scattering
for cases of interest enter primarily through alteration of the ion-acoustic
mode in the plasma, as well as through changes in macroscopic plasma behavior.
Two of the effects have been examined theoretically. The first is the efiect
of rhe field on the Landau damping of the ion-acoustic waves. The second
is its erffect on convective growth of the instability. These will be
treated in the following subsections.
1. Magnetic effects on Landau damping

In the theoretical investigation, we need knowledge of the dynamics of
the stimulated plasma mode. This involves finding the magnetized plasma
susceptibilicy while treating the mode as purely electrostatic in characcer.
It is well known that the field~free ion acoustic wave is exactly longitudinal-
and we assume that this characteristic does not change substantiallv with
the introduction of the :ransverse magnetic field and the laser pump rielda.
The waliditv oI this assumption is borne out by actually findiag a solution

with electrostatic character.
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Here, I} in the modified Bessel function and Z is the plasma dispersion
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function (or Fried-Conte™ integral).

The expression for the susceptibility becomes analytically
invertible if we make use of limiting forms for I. and Z. Since

L propagation is nearly perpendicular to z, be >> 1 always, and the ;
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an arror of at most a few per cent (2xcept, in our plasmas, for very

- strong fields in hydrogen sparks.) To high accuracy then,
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The asymptotic form for the plasma dispersion function can also be used.
For ions, we need note only that the ion gyroradii for most of our plasmas
not only exceeds the wavelengths expected, but exceeds plasma dimensions
as well, with the exception, again, of strong fields in hydrogen. This
allows us to treat the ions as unmagnetized to a very good approximation.
Failure to make this assumption would lead to severe difficulties in
handling the Fried-Conte function of magnetically extended argumant.
Keeping the most important terms in both electronic and ionic suscepti-

bilities, including the term which will result in the ionic pressure

contribution to the wave, we get, for the real part of the dielectic

function,
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wnere > is the angle between the propagation direction and true perpen-

"

s . sIme Re
iicular. Then, noting that ——' <

M

©, we can use the simple Zform of

w

~




o g o dei . i el

0"

Ime . _
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It is also necessary to solve for the real wave frequency in this same

spirit of approximation. This yields,
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An examination of the eq.(I-7) for ¥/« reveals the dynamic nature of
the problem. The first term in the denominator of the expression is 1ali
that would remain for the case of a field-free plasma with cold ions.

This resresents the interaction of electronic pressure with ionic inertia.
The second term is a smaller one, and has been included to account for
ionic pressure.

As with the electronic pressure contribution, this effect is easily
obtainable from a fluid theory. The third term in the denominator is
derived onlv from a kinetic approach, since it requires the analvtical

orocedure to be cognizant of the electron gvroorbits. This term corras-
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J0nds £ tne simiiar term in the expression for . .
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Note that, in our work ~~o” generallv, and so the term in eq.(I-7) reverts
to the same form as in eq.([-8), proportivnal to the magnetic field strength.

The numerator of eq.(I-7) contains two terms, vne of which is a summation,
The first term is recognizable is ordinary ion Landau Jdamping, unaffected 5v
the presence of the magnetic field. The second term is a contribution to
the damping from magnetized electrons, in a manner which is qualitativelv
different from free electron damping. The term is again proportional to
the magnetic field strength if only cthe . =0 term in the infinite sum is
considered. Notice however, that it bears a more complicated angular
dependence.

Equation (I-7) is plotted in Fizs.(I-1) - (T-4) 1s a function of magnetic
Zield and of angle between X and the normal to B.

The Landau damping 3iven by eq.(I-7) affects both the threshold and the .
absolute growth rate for SBS. In the infinite homogeneous case (i.e., a0
spatial variation in plasma parameters or field amplitudes) the zrowth rate

-

for backscattering just above threshold is

where Ta is the icn~acoustic wave damping from eq.(lI-7), ¢_ is the sound
2>

spe=ad, vy is the quiver velocity in the pump field and VT its threshold

value. The threshold is

(] 18]
P
t
Q

o
-

where Y1 is the dampinzy oI the backscattered wave. Thus it is aoporent tnat

rt,
(o8
(3}

ield effects on £ will have important effects on the iasta
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2. Effect on convective growth

In real plasmas the assumption of infinite homogeneous conditiouns is
almost never appropriate. The effects of plasma nonuniformities and the
localized nature of the noise sources from which SBS grows have been de-
scribed by Liu, Rosenbluth and White.3’4 Their primary result is that the

amplitude of a noise pulse will be amplified to a maximum value given by

2 i
2v© 2
a 2y, - (ccs) Yy Y,
= &P K |2 T Y Tt (I-11)
o s o S
Here K' is the spatial derivative of the wavevector mismatch between the %

three waves. This upper limit is a result of the amplified waves' convec-
tion out of the region in which amplification can occur. 3
In addition to the magn;tic field affects on Ya discussed above, this
amplification factor is affected by changes in K' introduced by the field.
In order to estimate K' we consider the case of a mismatch due to Doppler
shifting of the ion wave frequency by plasma expansion. For the validity
of the following, all scale lengths are necessarily greater than a few
wavelengths. For COZ laser backscattering, this puts a minimum on scale

lengths of several times five microns. Taking the derivative of

174

X = g_+ + K,

Then, using the approximate dispersion relation for ,BL;#O and Ii#O,




.

u5E°G+chD : (I1-13)
2 ukBTe + BkBTi
where ¢ =
s m,
i
. 2 (I-14)
D=1+kA2 - =2
“De T VT Kivog
and we have allowed for a non-zero blow-off speed
u = -u(x) %
wnich we have taken to be only a function of x for simplicity. Here,
u(x)>0 for plasma motion toward the laser.
This dispersion yields
1 1 1 o 2,2 1 o
- —— | = - ) =
RN S 3/2[1. (l 2V TRy )*k De L T kv L]
k! = u _ 2MD T Te / n Te ™ B
a = (I-15)
3 ‘e
/92 el -
MD‘/' i vae
where 1 _38lnu LI _5laT, 1 _ 3lm , 1 _ 5lnB,
L X * L 3% L 3x L 5%
u T n B
M=
“s
and we have used kax= ka . This expression is valid only for back-

scattering. Note that through the {irst order in magnetic field strength

. . . . s 1
with neglect of Debve dispersion, the denominator simplifies to (1 - J).
We nave also utilized the reasonable aporoximatiosn that

L =L
2 1

we are zenerallv interested, for cur plasmas, in the iimit of small M.

The Hyoposite i3 tfrue Ior dtellet phwvsics. For M-oL,
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The importance of the magnetic field term in the denominator is felt
especially for cool plasmas. To obtain the pulse shift gradient, which is
the parameter relevant for convective growth, we use

-k 2

«
KN s —P -

L w
n o

(I-17)

The first term is due to wavelength alteration of the incident and reflected
electromagnetic waves, which are affected approximately equally.

The magnetic field is seen to affect stimulated scattering in a number
of ways. First of all, the process is affected by alteration of the
acoustic frequency for strong fields. This increases the redshift as well
as decreases the homogeneous growth rate. Secondly, electrom Landau damping
is altered considerably, depending upon angle and field strength. For

very small angles between the incident wavevector and L B the damping de-

creases with the application of stronger fields. Thirdly, the magnetic

field affects the phase mismatch by altering the dispersion relation in a

non~cancelling manner. We will compare the predictions of this theorv with

the results of our experiments.

~——
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L[.C. The Experiment

1. Experimental Design

5
The experimental arrangement is shown schematically in Fig.(I-53)7. The

pasic components indicated are the high power carbon dioxide laser, the
Cassegrainian focusing system, the d.c. solenoid, the plasma chamber with
auxiliary equipment, and the detection and diagnostic apparatus.

The pulsed CO2 laser is a transversely excited atmospheric pressure
Lumonics model 621. The optical configuration is that of an unstable
resonator, producing a divergence angle of approximately .15 milliradians.
The output optic is a 12" diameter salt window, allowing the passage ofa
beam of unfocussed diameter of more than nine inches. The method of
excitation was that of preionization via flashboaré along with four stage
Marx bank capacitor discharge, producing a 50-60 nsec spike followed by a

microsecond long tail. This tail contained about two-thirds of the total

energy of the pulse or about 200 joules, with 100 joules in the gain-switched

spike. The peak power was approximately 1500~-2000 MW, depending upon self-
modelocking conditions. Modelocking was found to be important, and
typically was in the range of 10-30%, subject to variation from shot to
shot. The spikes on the output pulse that resulted from such modelocking
were spaced about 5 nsec apart consistent with competition of longitudinal
modes. Part of the beam was monitored to observe this temporal behavior.
Photon drag detection traces of the pulse are shown in Figs.{I-0)~(I-7).
Shot-to-shot variation was quite dramatic, and served to complicate the
analvsis, Also, the annular beam intensity varled somewhat spatialilv.

On the averaze, the energyv Jensitv of the deam was approximataly

In a.l Tases, aowev2r, the laser
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. Backscattered radiation (upper trace)
‘ from helium plasma at 5T.
Fig. I-6 Upper trace marks response of photon drag detector to wave-
length unanalyzed backscattered radiation from helium spark. Lower trace
marks incident. Delay of 43 nsec is due to photon time-of-flight.
Backscattered radiation (upper trace)
from hydrogen plasma at 2.5 T.
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the 001-100 band of the C02 molecule. The vacuum wavelength for this line

has been shown to be 105,910 R and the air wavelength 105,382 X.

The magnet used to gzenerate the field in the experiment was a Bitter
solenoid, water-cooled at room temperature, capable of a 10 Telsa field
constant in time. The 2-1/8" diameter bore of the solenoid was accessible
not only by its ends, but also through four rectangular (5/8"x2') ports,
giving radial access to the center of the magnet. Due to stringent spatial
requirements in magnet design, the aluminum jacket surrounding the copper
solenoid had to be electrically floated, requiring that it be isolated
from other parts of the experiment. Field quality was quice high, with
less than a 5% inhomogeneity over the region of interest throughout the
tunable range (0-10 Telsa) of the solenoid. Most of the inhomogeneity that
was present was due to a centrai minimum of the field strength, since the
necessity of the radial access ports required that the magnet be expanded
beyond the centrally homogeneous design.

The solenoid contained the plasma chamber, which was mated to an evacu-
ated Cassegrainian focusing svstem for the incoming laser beam. The
geometry of the solenoid required a focusing mirror of two meter focal
length since the beam area is large, resulting in approximately /9 optics
for the Cassegrainian system. The entrance window to the focusing svstem
was another 12" salt; the internal optics were two oxvgen-free copper
mirrors, both of 10" diameter, one the 2 meter Zocusing spherical mirror,
the other having a 2-1/2" diamter hole, offset from normal bv 22.50, per-
mitting the passage of the focused beam out of the Cassegrainian svstem and
int> the targzet area, as indicated in Figz.(I-3).

The fccusing svstem is connected, via continuous vacuum, td> the rlasma

thamper iaside the scienoid. The apparitus we have been referrinz 2 as




i Ol e B g

o

~—
—~—
- ——
‘— e N
- — ~—
——
—_—
————-_-———‘—-—a_
e -
— e — —— 5
— — -
—
— -
—
- = /

GAS TARGE

/1T

TARGET

SOLID

. . .- ~ T
Io. L o Tl
connorishe Lo .

- . R R T R s et ‘e - ey . .
tororn oroint o whiere nencle begins to oaar.ow. Botioam :
- s . EE v . . - Tt N -~ -
1o0r Lacidacncy oon 0olild siab Cargota.




-y

Yy Ty TR

-

P

..

the plasma chamber is actually composed of four sections, with the main

plasma located in only one, the orifice region. This section is the part
of the chamber in the very center of the solenoid, and consists of an ori-
fice of approximately 3 mm diameter at the end of a short (5/8" length)
3/8" diameter brass pipe. Upstream, that is, toward the laser, from the
orifice is the section of the plasma chamber comnecting the orifice region
to the Cassegrainian focusing system. This section, referred to sdbse—
quently as the counvergence section, is essentially conically shaped, with
the small end at the orifice. The opposite end is separated from the
focusing system by a pneumatically operated gate valve, the importance and
operation of which will be described subsequently.

Downstream from the orifice is the beam dump and gas reservoir. This
section fulfilled this twofold purpose: to provide a method of channeling
transmitted laser radiation out of the system, and to provide a large volume
of gas at fill pressure for the fast valve operation, as described below.
One of the configurations utilized included a 4" diameter salt which per-
mitted the measurement of transmitted laser power through the plasma. In
the absence of plasma formation, this salt was close enough to the focus
to permit the tramsmission of the entire beam through the svstem. This is
true upon consideration of geometric optics. No such measurement was
possible, since the pumping was via mechanical vacuum pumps only. Suffi-
cientlv low pressure then, could not be achieved to avoild breakdown due to
the hizh power density ia the focus spot.

The remaining section of the 'plasma chamber" served the practical pur-
doose of maintaining and monitoring pressure in the reaction cell. The
aquipment utilized included 3 solencid and needle valve combination Ior zss

filling, absolute and thermocouple nressure zauges, an absolute pressure

switch, and el=ctronics Zor the regulaticn of the tillin

Ju

v
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The pulsed operation of the system is as follows. The pneumatic zate
valve forming the boundary between the evacuated Cassegrainian focusing svs-
tem and the convergence section opens, taking a few tenths of a second to
rise completely, during which time the volume of the convergence section
is completely evacuated. The gas reservoir downstream from the orifice main-
tains pressure, causing the formation of a density step in the orifice
region. The steep density gradient, parallel to the laser beam, is neces-
sary to eliminate an ionization front which would otherwise move back toward
the laser, scattering radiation away from the focus region.

When the gate valve reaches the apex of its cycle, the laser is auto-
matically triggered to fire and the breakdown plasma forms. The same pulse
which triggers laser operation also triggers the closing of the gate valve.
The pressure switch and gas filling system then automatically raise the
pressure in the plasma chamber back to the previous fill pressure, and the
system is made ready for the next shot. This method of "puff evacuating"
has been shown to be effective in providing a sufficient density gzradient
at the orifice for the elimination of the backwards moving ionization front.
Other researchers, for instance Offenburger, et al.,6 have used similar
methods.

Since the spatial structure of the beam f{rom the unstable resonator is
annular, the backscattered radiation is collected bv a small front-suriace
airror mounted in the center of the beam path, approximately one meter from
the focus. This mirror deflects the scattered radiation out of the vacuum
system via a Znde lens, which focuses the radiation onto the entrance slit
/4~-meter Czerny-Turner spectrometer. This monochromatcor has 23

srating <f 130 lines/mm appropriate te the 10.5 _m wavelength of the O

Rl
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Mounted at the exit slit is a pyroelectric detector benind a brass con-

denser cone. The output of the detector is read on in oscilloscope or by
means of a peakreading voltmeter plus chart recorder combination. A wave-
length scan consists of taking shots at various settings of the spectrometer.
Because of variation in the laser output from shot-to-shot, and of consequent
variation of plasma response, several shots had to be taken at each setting.
Alternatively, the whole wavelength-integrated backscatter was observed by

a fast photon drag detector and oscilloscope or by a time-integrating energy
meter.

Signal levels from the pyroelectric detector were always sufficiently
high to permit the narrowing of the spectrometer slits to the point that the
resulting bandpass did not much exceed the theoretical resolving power of
the grating (approximately 7 g). As will be seen, the sharpness of the
resulting spectra attest to the credibility of such small (8-15 R tvpically)

pandpasses.

2., Experimental Results

The experimental arrangement permitted the analysis of incident and
backscattered radiation in three ways. First of all, time-integrated spec-
tral analysis was done on the backscattered radiation by means of the mono-
chromator and pyroelectric detector. Secondlv, the temporal behavior
~° the spectrally integrated backscatter had sufficient power to be
observed with a photon-drag detector. This unanalyzed radiation was also
iead into 2z calorimeter o observe the field dependence of the total back-
scacter, Thirdlv, transmissicn through the plilasma Jf the incident carboen

iioxide radiation was observed as a function of field strength.




Plasma conditions were inferred principally from the magnetic field

strength and breakdown material and from the backscattering spectra. The
initial density and atomic number (Zo) of the fill gas determined how effi~-
ciently the laser radiation was absorbed. The ionization state reached (Z,
Zeff) and the ionic mass number (.) were [ound to have a strong effect on

the temperature attained and expansion of the plasma out of the focal region.
For instance, although the electron density of normal hydrogen is the same as
that for deuterium and for helium at the same fill pressure, and the laser

pump is capable of completely stripping the ions in e:ch case, the observed

values of the temperatures from the backscatter spectra were found to be

N

highest for the helium (Z = 2, u 4), followed by deuterium (Z =1, u = 2),

with hydrogen the coolest (Z =y 1). This measurement of the "temperature’ :

(Zeff’l‘e + 3Ti) was further substantiated by photon drag detector traces of
the wavelength unanalyzed backscatter, which revealed a lower threshold, but i

also lower maximum amplitude for hydrogen than for helium. This is consis-

tent with backscatter in the convective mode. Table (I-1) lists typical
values at plasma parameters for helium plasmas.

The temporal behavior of the output of the CO2 laser varied from shot to
shot, principally by means of mode competition. Tvpically one longitudinal
mode zave roughly 80% of the output energy. presumably the fundamental mode,
with the rest coming from one or a few of the higher modes. The laser output
was then an envelope consisting of spike and tail characteristic of the zain-
switched laser with a series of mode-locked spikes appearing on top of it.

The spacing of these spikes was about 5-6 nsec, as is clear from the osciilo-

scope traces (see Fizs. (I-3) and (I-A)'. Since the mirror spacing is approx-

imatel~ 1A3 cm, this is consistent with the simple tvpe of modelocking

oL

c -

s e . . . . L.
described »v Yariv with the peax spacing 7 = -
: P a
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Plasma Parameters in Helium

Lengths (cm)

electron Debye length A

De
ion Debye length Abi
electron gyroradius o
ion gyroradius Qi
acoustic wavelength As
laser wavelength Ao

Speeds (cm/sec)
K, T
electron thermal speed Be

M

e
. KT,
ion thermal speed B i
M,
i
ion acoustic speed Cg
. -1
Frequencies (sec )
laser frequency w,
acoustic frequency Wy
electron frequency Qe
ion gvrofrequency Ei
Landau damping rate A
collisional damping rate vei

Tabl

electron plasma frequency Jpe

ion plasma freguency ”pi

e~1 equilibration rate vei

wun

2 I-1. Table indicates values of certain parametars relevant to the
2xnerimental situation. Values shown are those Sor helium Sreakdown

nlasmas, which are representative of the midrange of »jur experiments.
The field strength 13 taken to be near its maximum of 10T,
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The lower trace on the two photographs is the output of a photon drag
detector observing a portion of the incident beam. The upper trace is the
wavelength unanalyvzed backscatter. A delay of ibout 42 nancseconds by which
the upper trace follows the lower is due to the photon time of flizht and
consists of about seven nanoseconds delav for backscatter to reach the
detector from the plasma with the remaining time for the incident laser
radiation to reach the plasma from the incident-viewing detector.

From the observation of a large number of events, it becomes clear that
the temporal structure of the backscatter followed that of the incident in
a general way. This can be realized upon examination of the samplie events
given in Figs. (I-6) and (I-7). Figure (I-6) is from a helium plasma event.

Note that the modelocking pattern of the incident is mimicked by the tem-

poral behavior of the backscatter, allowing for some alteration of the
amplification mechanism through changing plasma conditions. Aas will be
treated in the analysis chapter, one of the more significant of these is

the electron-ion temperature equilibration.

Figure (I-7), on the other hand, pictures the temporal behavior of
radiation from a hvdrogen plasma. Note that the backscatter, wniie still
mimicking the peaks of the incident, has much less amplitude and longer
duration. These are explainable bv alteration ¢of convective amplitude ampii-
fication and convective threshold, respectivelv.

Field strength dependence of the appearance o the phcotan draz traues
w13 weiak. as nas been pointed cut in Section I.B., the presence of the
maznetiz field does alter the growth rate, thresnold, and final zonvective
amplitudes actained. However, the nresance of the Field wdas ‘oung nos

1iT2r =2ssentiallv the idove sutlined temporal behavi-r for all fialis

.
(o)




too strong (kueﬁl)‘ and provided, of course, that the convective threshold

was still reached.

Spectra were obtained for backscattered radiation reflected into the
annular hole of the unstable resonator beam pattern. Conditions of the plasma
affected profoundly the character of the spectrum. In general, peak power
was observed to be redshifted from the wavelength of the incident radiation.
The response of our instrumentation to this incident is plotted in
Fig. (I-9). The width of the spectrum, approximately 5 Z is due almost
entirely to instrument broadening, and corresponds roughly to the theo-
retical estimate of the 150 groove/mm grating resolution. Actually, lasers of
this type have a linewidth of about one angstrom (300 MHz). Therefore, the
spectrum in Fig. (I-9) serves not only to calibrate with high accuracy the
spectrometer in the region of interest, but also displays instrumental
response to a nearly S-function stimulus.

Sample spectra are displaved in Figs. (I-10) and (I-11). Both are taken
from helium plasmas, at a 10 torr cell fill pressure. The experimental
difference between the twc is that, while Fig. (I-10) displavs the spectrum
obrz2ined from a field-free configuration, Fig. (I-ll) corresponds to the
application of a 9.0 Tesla magnetic field, directed perpendicularly to the
direction of laser propagation. VNote that both spectra contain a peak

hiZted to the red of the incident indicated by the dashed line.

U

Several noteworthy differences between the spectra indicate variation
in rheir causal phvsical process. First oI all, the presence of the strong
transverse field iancreases the redshift of the peax. According to the
derivations in the thecratical section of this zhapter, this could corres-

send T a1 aeating 2f 2lectrons or ions, as well as 3 direct contrizution v

mdazaeric 2fZects on che plasma dispersion.,
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indicates what has been taken as the Ro reference in all subsequent spectra.
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A second erfect of the applied field is the substantiil line narrowing
that occurs. Several mechanisms could contribute to this process, both
directly kinetic ones, such as a Jdecrease in the Landau damping rate with
increase in field (which was found analytically to occur for small orff-
perpendicular angles), and more macroscopic mechanisms, such as a change in
the number of scattering centers, spanning a temperature range ror low fields.
The wavelength shift increases and the full width at half maxzimum 57 the peak
decreases stradily with increasing rfield strength above 5 T.

A final conspicuous characteristic or the helium spectra is the presence

of broadband low-level blue-shifted radiation for the high rfield plasmas.

This blue shift turned on at about 5 T, and increased with the rield ;
strength. A likely candidate for a mechanism is a simple Doppler shift

from a nlasma e¢xpanding toward the laser, either bv dielectric reflection

or bv stimulated scattering. The presence of a negative energy wave in a

stationary plasma has been ruled out analvticallv. No appropriate solution
can be found for plasmas with the given characteristics.

Spectra were taken of backscatter from plasma created from various zas E
tirgets; o.dinarv hydrogen at 10 and 20 torr £ill pressure, anitrogen and !
5

Jeuterium at 10 torr, and methane at 2.5 torr. Spectra were also taken at i

various £i d strengths from a plasma formed irom a slab tarzet of cefion 4
'H-F polvmer). These provided plasmas of a ranze of ion and electron temper- i

ituras and densizies, as well as enormouslv different scale length structures

1zsorsoion, 2lecirsn temperatures were found to be hlzhier Zor the breakdown

>lismas witn nlzner =lectron densities. Temperature increase was al30
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No appraciable backscatter or reflection was observed Yor the case of
10 torr argon fill at any applied perpendiculdar field strength, presumablv
because the temperature was too hizh.

The threshold power tor homogeneous Jrowth,

(ZTe + 3Ti) (I-18)

has roughly direct propo:fionali:y with the square root of the plasma tem-
perature, but is also weaklv depandent upon the magnetic field strength
through Ya and Wy the damping rate zoing either up or down with field
strength depending upon angle, and the wave frequencv increasing with the
field. The homogeneous growth rate, which affects the convective growth
amplitude, behaves similarly. 1t was therefore instructive to study the
dependence of the wavelength unanalvzed backscatter on field strength.
Especially interesting is the case of nitrogen. Because of the high
value of the acoustic frequency, Vo for nitrogen, the threshold for convec-
tive growth was high. Alteration of the field strongly affected the total
backscatter, as indicated in Fig., (I-12). Interestinglv, the transmission
througn the plasma (6o cone) was found to have an inverse type of benhavior,
seeming to approach asvmptotically a maximum as the backscatter fell to g
zero, as indicated in the same Jizure. The graph indicates only relative

unizs; the total zransmission was small, approximatelv 3 Joules maximum.

|
|

This is transmission into a1 & cone.

The total backscattared enerzv was never measured directly, due to the

dnavailability of a beam-soiitter »f appropriate dimensions., However, we

do xnow zhe strenzth of the backscatter at the interior edze of the
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that the profile does not vary too greatly over the beam. Using this proce-
dure, we can say that probably not less than 5% of the power is backscattered
and not more than 15 or 20%. In almost all cases (having to do with various
plasma setup Parameters), the backscatter appears to fall in the range of
5-10%.

The transmission through hydrogen was found also to increase for the
strong fields. Measurements show a rise beginning at 5 T and reaching a
maximum at about 7.0-7.5 T. There are several possible candidates for a
mechanism, and there may be more than one at work. It will suffice here to
note that, with the electron temperature obtained from the shift and crudelv
by other means, the factor koe:l for this field regime, that is, the gvro-
radius is about equal to the magneto acoustic wavelength. At very strong
fields the spectrum undergoes a considerable alteration for hydrogen,
including an apparently linear increase in amplitude with shift until a
maximum, followed by a very sudden drop. Although clear and reproducible
data for wavelength unanalyzed backscatter with field strength variation
does not exist, it was unoted that for very strong fields (above 7 T). the

total backscatter amplitude fell precipitously.

I.D. Analvsis
1. Interpretation of spectral widths

Various effects can de at work to generate a backscatter spectrum of the
measured widths. Since we observe an almost universal narrowing of the red-
shifted peak with increasing field strength, and the Landau damping rate
has deen shown to decrease with increasing field Ifor our laser incidence
ingl2, we exjtect that i1 large portion of the width is due o line broadeninz

1

v odampinz 3% the zenerated wave. Not only i3 the elactroscatic wave
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atfected, but the collisional damping of the backscattered electromagnetic

wave is changed indirectly by application of the field, since the plasma
temperature is seen to vary somewhat. Since this damping is much smaller,
however, (YL<<Ya) the growth rate above threshold is affected only slightly,
but the threshold power is proportional to the product YlYa.

We have developed a computer program which generates the backscatter
spectrum predicted by the theory. Inputs are bulk plasma conditions of elec-
tron and ion temperatures, density, magnetic field strength, scale lengths,
laser incidence angle, and laser focussed power. The program calculates
wave frequency and magnetoacoustic damping rate, and then calculates the
homogenous growth rate as a function of frequency mismatch. It then consi-
ders convective amplification, using the expression for the wave number
mismatch gradient that we have developed. The backscattered spectrum is
then displayed graphically.

A sample of this calculated spectrum is given in Fig. (I~13). This gives
the predicted shift and lineshape. XNote that the line is completelv svmmetri-
cal about linecenter, as is this theory. The lineshape is not any simple
analytic form, such as a Gaussian or Lorentzian. However, the curve is
exprassible in closed analytic £form, although it is uninstructive and
tadious to do so. In this case, the program predicts fairly well the ex-
perimentally observed backscatter for strong field helium plasma. Instru-

2
Tental broadening oI the peak is of the order of 8~10 A. However, the
oredicted amplitude of the backscatter varies far more wildlyv with field
strength than was observed experimentallv.

Wevertheless, the narrowing of the spectrum which occurs in nearlwv ali

:ases studied, is pronounced in helium, and especiallv proncunced in nitrozen,
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points to the decrease of the Landau damping rate as a possible explanation.
However, other factors which contribute to the width could also he de- 4
creasing with increase in field. In particular, increase in the field
results in decreased expansion of the plasma toward the laser, steepening
the density gradient. Besides reducing convective growth (thereby com-

peting with the decreased damping effect, which promotes growth), this

I UV SO SO

effect also reduces the possibility of multiple scattering centers. The
existence of these multiple centers, each with its own set of plasma para-
meters, has been cited as a contributing factor to the experimentally
observed width of a backscatter spectrum.8 The resulting spectrum in that
case should be viewed as a superposition of contributions from the wvarious
centers. Moreover, if conditions are not too different for two such

centers, the wave generated from one may stimulate the instability in

another, or increase its growth, in much the way that a single wave grows
convectively.

The three major causes of spectral width cited here, damping of daughter
wéves, multiple scattering centers, and instrumental broadening, all seem
unfortunately, to be of the same order of magnitude. It is also impossible
to distinguish between the effect of damping and of multiple centers with-
out being able to vary plasma conditions at will. We have that capabilicty
in the adjustment of magnetic field strength, but even there a limitation

exists. For the hotter plasmas at low field strength, plasma - is hizh,

thereby effectivelvy excluding the magnetic field from the scattering center.

»

. This apparentlv is the reason for so iittle change in helium backscattering

or Iields below 3T. Bevond that level, <1, so that the field is

ru,

3 ] spectra

ichieved sevond the scattering center. In the case of the hotter nitrogen,

A e

sne field probably acts aimost zotallv to cut 2ff the effect of multiple
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scattering centers. The spectrum from a 2.5T nitrogen breakdown, then, is
expected to exhibit a purely Landau-damping broadened scattering event.

(See Fig. (I-14).) The calculated damping contribution is minimal, however,
so the spectrum should appear as a 5-function being observed by our rela-
tively wide bandpass. The spectrum in Fig. (I-14) does indeed appear that
way.

Close correspondence between this simple theory and experiment is not
achieved universally, and only for the magnetized cases. The suspected
reason rfor this is, again, the existence of multiple scattering centers
which is not treated by the theory, and whose number presumably decreases
with increasing field.

Allowing for instrument broadening, fairly close correspondence between
prediction and experiment is achieved for strong fields in helium break-
downs. Nitrogen backscatter turns off in high magnetic fields, presumably
due to increase of ~q with magnetic field (both directly and via heating)
so that correspondence with theory cannot be demonstrated over a range of
field strength, as is possible with helium. Also, the very low wave damping
in nitrogen plasmas puts the real value of the spectral width too narrow
to be resolved with our apparatus. Argon breakdowns were too hot to give
any backscatter, Spectral alterations in the hydrogen isotope plasmas
complicate the analysis here, especiallyv for high field strengths.

Strong field helium plasma then, is the onlv material whose experimen-
tally observed conditions npermit comparison with the simple theorv. One
Tust take Into account the decrease of magnetic field in the scattering

nz2r iabcout 3T subtraction for the stronger fields) as well as instrument

14

<

the

one hecause of

Sroadeninz., Ihese two numbers ire not well known,
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impossibility of ising magnetic probes in the plasma, and the other because
rigid requirements of deconvolution are not nmet bv this experiment. Tet,

for reasonable estimates (.. value exclusion and bandpass width increase)

the general field dependence of /. is demonstrated by the narrowing of the
backscatter spectral width for strong field helium. The approach of the
experimental results to the simple theory just described is lllustrated in
Fiz. (I-15). The difference between the experimental points ind the calcu-
lated ones is far greater for the low values of magnetic field than for nizh.
The dramatic approach of these two curves is due, presumably, to the exclu-

sion of multiple scattering centers by the strong transverse fleld.

2, Conclusions

It has been shown that the red-shifted Brillouin peak has a width depen-
dent upon plasma parameters. This width decreases with increasingz field
strength for a wide range of transverse magnetic field values and auxiliarvy
plasma parameters. Various mechanisms have been proposed to account for
this phenomenon. Mos: interesting, it has been shown analytically that the

magnetic field directly alters both the real and imaginary parts of the

o}
T

frequency of a nearly free longitudinal wave moving across the field.
has been suggested that the change in the Landau damping rate of the stimu-
lated wave directlv bv the magneti: field is primarilv responsible for the
width decrease in scattering off strong field helium plasmas. For nitrogen
DiLasmas, -Zhe spectrum does not disagree with the application of the same
theorr, dut Jdue to the low value of the damping rate and the proximitv ta

is incoanclusive.
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verv strong rfield, [he exact cause of this ilteration s not understood;
however, the condition of k;c*l is met ar this puint. Transmission studies
support the validitv of che assumption of 1 qualitative chanuge in the
scattering phenomenon taking place.

ft has been shown analvtically that the real wave frequencv is increased
by application of the strong field. Increase of wave frequencv transliates
to increase in redshirft. This is universal in all z3as breakdown zases
under scudy. A heating due to the presence of the field supplements this

change, however. A very accurate temperature diagnostic (both ion and elec-

tron) would be needed to differentiate between the two effects.

It has been shown both analyticallyv and experimentally that the mechanics
of the instability depend upon the magnetic field strength. Analwvticaliv,
this is due to effects both direct, and indirect through alteration of
plasma parameters. A detailed analysis has not been possible of the experi-

ment in all cases, but a plausible explanation has been offered rfor the

very strong effects in helium and nitrozen.




II. X-Rav Diagnostics of Solid Target Plasmas

A series of experiments were performed in order to studv
plasmas generated by focusing the 300 Joule C02 laser onto solid
targets of various macerialsg. Magnetic fields up to 100 kG were
applied normal to the target surfaces. The geometry for these

experiments is illustrated in Fig. (II-1) showing the laser focusing ;

system, the Bitter solenoid, and several of the diagnostics used.

Three different tvpes of X-rav diagnostics were used in these
studies. A soft X-ray spectrometer was built for the study of
density and temperature diagnostics based on the ratios of various

lines of multiply ionized flourine atoms. Fast PIN diodes were

used to measure broadband ¥-ray emission in the spectral range above

1 keV as a temperature diagnostic. X-ray imaging techniques including

an X-rav pinhole camera were used to determine the spatial extent

of the plasmas.

In this chapter the experimental results obtained with each

e}
1y

these techniques will be described.

TL.A. 3Soit X-Rav Spectroscopv

1. Thecrv

1. Densi:v diagnostics based on helium like atoms

° The term structure of helium-like atoms is shown in Fiz. I

225 most notable f2ature is the splizting oI the upper states inro
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excited electron is parallel or antiparallel to that of the zround
state electron. Under strict L3 coupling, transitions between

triplet and singlet states are forbidden. However, this selection

\
rule gradually breaks down as 7 is increased, and the lLSO - 2%’1

intercombination transition proceeds through spin-orbit interaction

q
with a rate scaling as Z . 1In contrast, the transition rate ror che

1 1 .. 4 . .
1 So -2 Pl resonance transition scales as 2 , but 1ts race is

1.2 « 104 times faster than the intercombination rate for F VIII.

Not shown in Fig. (II-2) are the lizhium-like ion statellites of the

resonance line. The upper stizes I rthese ransictions are of the

form 1s2px, where the 1ls and 2p electirons ire oI opposite spin and

the third electron is also excited above the ground state. Because

this second excited electron partialiv _.reens the nucleus, transi-
5

tions of the form lslpx -~ 135 x are of s3lightlv lower energyv than

the helium-like ion resonance line.

The electron densitv diagnostic used in these experiments is
based on the collisional depopulation rate of tne n = 2 rriplet
levels being comparable to the radiative transition rate over a
certain range of electron densitv for each helium-like ion. The
rescnance~-to-intercombination line intensitv ratioc is then a sensi-
tive function of electron densitv, and can be derived frcm a modified

corona model.

Ionization 2quilibrium is not assumed. The n = I triplet
levels are statisticallv populated; the collisional coupling rate
b o]
A 2

5 and 272 levels :‘both Jdira2ct ang
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mechanisms (that is, those affecting the intercombination line

intensity) are ionization and spin-tflip collisions (e.g.,

1
23P - 27P, coefficient Xt”’ or 23 - (n =~ 3)1, with overall coe’-
ficient Kt

3). The fraction of excitations to the n = 2 triplet

levels followed by emission of an intercombination line photon is

A + (I +X + X ) (11-1)

where Atl is the statistically averaged radiative transition rate 3

from the n = 2 triplet levels to the ground state, i.e., one-fourth i
3P 1 . s .

the rate for the 2 1 1 Sl transition. Collisional depopulation

mechanisms are insignificant compared to the resonance transition

rate, so the resonance to intercombination line intensitv ratio is

1 1 X X b+ X )
- - 178) 2 ) 3 R .
Rri=——-—‘233———l—b'=c+ TECH D 0 s ¢
$(27p - 179) “tl el Tel
= C o+ z(z,xe)n
(I1-2)
C—Xll/.{lt
wherei{l, and Kl_ are the collisional excitation rate coefficients
from the ground state to the n = I singlet and triplet levels,

wr
£~




respectively, and X is the collisional deexcitation rate for the

tl

3

27P levels. ! is the fraction of 23

21 s ;
-n 2 37 collisions resulting

in emission of a resonance photon; if the dominant contribution to

Xt3 involves the n = 3 singlet levels, & =

Wit

C has been experimentallv determined to be 1.3 for oxygen

. .10 s s s ,
and lighter nuclei™ . The radiative transition rates Ac have been

1

. - 8 -1 .
calculated to a high degree of accuracy; 4.62 « 10 sec for F VIII

11

and 1.38 = lOssec_l for 0 VII™". Unfortunately, the collisional

rate coefficients in equation (II-2) are beset with large theoretical

uncertainties; it is not even clear which term(s) dominate(s).

12 .
Kunze et.al.” ", assumed Xt9 to be the key factor, and on that basis

claimed their experiments to show

-3
x =86 <10 03 e

YA
Z(kTe)

(I1-3)

However, this turned out to be a factor of 20 greater than the pre-

. . . 13 -
dictions of Coulomb-Born calculations™~, and «(Z,T)

was observed to

slowlyv increase with Te (Fig. (II-2)). The presentlv accepted theo-

recical values for the rate coef. .cients, according

14
Jordan™ , are

to

sabriel and
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. 3 .
where ME is the energy gained by the 2~ electron when excited to aan > 3

level (normally taken as n = 3). We may also add a minor adjustment for

the 23P - llS collisional deexcitation rate obtained from detailed
balancing of the excitation rate Xltlj:
E_. /KT
_ tl e
th = 3Xlt e (11-7)

where the factor of 3 accounts for the ratio of the statistical weights
of the 23Pl and ground states, and Etl = 732 eV is the energy separation
of the 23Pl and ground states.

It is thus apparent that experimental measurements must be performed
for each ion to determine x(Z,T) for density estimates to be accurate.
Unfortunately, only one such measurement has been done for oxygenls
(Rri = 2.5+ 0.5 at n, =6.2 +1.5x lO16 and Te = 250 + 60 eV), and none
for fluorine.

Besides the theoretical uncertainties, there are a number of other
problems which must be confronted in order for measurements of the
resonance-to-intercombination line intensity ratio to give worthwhile
results. The density must be high enough that R is not dominated bv C

The resonance and intercombination lines must be separated from
nearbv dielectronic recombination lines, or a correction must be applied.

Unresolvabie satellites might tvpically add ~ 10% to the apparent

resonance line intensitwv, and a1 larger percentage o the intercombination

a ke mA L
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line, depending on electron density. We may thus take 3 ;-Rri - 20 as

the range of applicability of this technique. Using equations (II-4)-
(LI-6) this translates to n, = 0.7 - 11 x 1018 cm—3 for fluorine.

It is also very important that the ratio of hydrogen~like to
helium-like iouns not be very large if Te << ElZ' If the n = 2 levels
are populated mainly by direct two-body recombination instead of
direct excitation, the low density limit of the resonance-to-inter-

combination line ratio will be near one thirdl7. The collisional

excitation rate to the ZlP level is18

1/2 . 3/2. -E. . /kT
- _ T hagy “y £ 12 12 e _
oy 8(3) ﬁ;— - 73 p e (I1-8)
127e
where fl’ is the oscillator strength ( .65 for F VIII), g = 13.6 eV, and
< E .,
P is slowly varying function of *%:, typically about 0.2. The line intensity
is then
~6 Myelle —E71/Te horons
I =n,nX,., " 2.06x10° =2 e - pho ons
res He e 12 3 (I1-9)
ET 1/2 cm”sec
217e
-, -9 "e"e -738/T, for F VIII
2.8 x 10 l/.,
T 2
e
If T, . 200 2V, the net coefficient of direct recombination into the n = .
levels of F VIII is
L3/2
- -13 X 222eV
= 2 e = . PN Y
l: 2 1 4.2x 10 X F0.5 o X Te 3 [12-10

c— ~— . e —ae
. o R
. lee. M




s o et T

= D

X, = X»/1.3 and 277 % are plotted vs. T, ir Fig. (1I-4). Of course,
the actual situation is worse than indicated in Fig . (I1I-4), because
electrons can also cascade down to the n = 2 level after recombining into

a higher state. Such cascades have a greater effect on the intercombination

iine than the resonance, since many electrons recombining to singlet

states reach the ground state without passing through the ZlP level
(especially those reaching P states of higher n). Cascades mav as much
as double the effect of two-body recombination on the intercombination i
line beyond that of direct recombination to the 23P levels.

Another potential problem is the optical thickness of the resonance

line. At the line center this is

PR

r=0.83 x 10712 fkd/-n. 4 (11-11)
h

where the integral is taken over the line of sight, and the Doppler

nalfwidth is

5 T

e

73 x 107

whnere . 1s thne atomic mass aumber, and Ti the ion temperature in evV.

. - L= . v o s - ..
Thus, for the F VIII resonance line (- = 16.3 4 , . = 19, £ = 0.63),
o 15 - 0.
- = 3.1 x 10 “J/ — d. (1I-13
3 { i
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If v is non-negligible, one should in principle solve the equation

of radiative transfer,

dal,,
Qe - . -k I (11-14
dx v Vo2 )
where I is rthe intensity of radiation of frequency ., = the emissivity
2 v

and Kv the absorption ._efficient. For a uniform plasma of thickness d, the

solution of (II-l4) is

" (11-13)

In LTE, sv/Kv is the Planck blackbody function and is independent of I;

that is, the source term is essentially unaffected bv collisions. In that

case, a correction must be applied for - > 0.1. However, in coronal
equilibrium, if a resonance photon is absorbed byv an atom, it is highly
probable that the photo-excited atom will re-radiate another resonance
photon. Using equation (II-2), it can be seen that upwards of 99.9% of
absorbed FVIII resonance photons will be re-radiated if Rri < 20. The end
result is that : 1is a function of Iv, and unless the optical depth

of the resonance line is very large in all directions, the total resonance

line emission of the plasma will essentiallv be unaffected. For example, i

=3

suppose the average F VIII resonance photon has onlv a 27 chance o

/

escape (average optical depth of 4); the total F VIII resonance line
emission 1is tnen reduced by less than 3, even for R_i = 20. Thus, tae

primarv erffect Of non-negligibie optical depth will be on the angular

i




distribution of the radiation. In particular, for a long, axially

symmetric cylindrical plasma, a detector looking at the plasma end-on
may see a great reduction in intensity due to optical depth, while one
viewing the plasma side-on simultaneously detects the intensity pre-
dicted assuming t = 0. Such an effect has been observed in a theta
pinch . However, when viewing the surface region of the plasma
side-on there may be problems. Consider, for example, conditions
one may expect near the critical surface (ne = lO19 cm_3) of a CF2
plasma early in the pulse. If 530% of the fluorine ions still have
two electrons, n "5 x 1017. If T, ~ 100 eV (ions not well-

F VIII i
thermalized) and the plasma diameter is ~ 0.4 mm, the optical depth
of the F VIII resonance line is about 20 across the plasma column.
However, with a strong density gradient in the axial direction,
photons are more likely to escape the plasma by first travelling away
from the surface. Hence the amount of line radiation detected under
these conditions may be less than expected.

The resomnance and intercombination lines must be separated from
nearby dielectronic recombination lines or a correction must be
applied. Unresolvable satellites might typically add ~ 10% to the
apparent resonance line intensity, and a larger percentage to the

’

. .. . : . . L4
intercombination line , depending on electron density

PO 7 L




b. Temperature diagnostics based on satellite to line ratios

Many satellite lines appear to the low energy side of cthe helium-
like resonance line which arise from lithium-like ions with two
excited electrons. These lines can arise from direct excitation of
lithium-like ions; however, a high temperature plasma whose lifetime
greatly exceeds "He produces them primarily bv dielectronic recombination.
A free electron is captured into an n > 2 level, and gives up its energy
to an inner shell electron so that it too winds up in a state with
n > 2. Each satellite line can thus be excited only by electrons of
energy ES = ElZ - xs where E12 is the photon energy and g is the
ionization potential of the second excited electron. Because this

process is the inverse of autoionization, its rate coefficient can be

5
calculated using the principle of detailed balance'o,

h3Aa g -E_/kT
I — (11-16)

22m k1 )2 8
where Aa is the autoionization rate and 8 and gl are the statistical
weights of the satellite level and helium-like ion ground state,
respectivelv. The fraction of such excited ions decaving by radiative

. means instead of autoionizing is 3 = A.r/(Ar + Aa), where Ar is the
radiative transition rate. Since Aa >> Ar for all satellite lines being

considered here,
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- 2. 3/2 -E kT
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Comparing this to the resonance line intensity (equation (II-9)), we

have the density~-independent line intensity ratio

1 4 A -(E,,-E JkT i
. ¥ g ‘ 2 -
R __res _ 3.78 x 10 1 21 T e 1 s e (11-18)
Cs T 3 3 A e
s qu s r

The exponential dependence suggests that measurements of Jdielectronic

racombination satellite emission can give an estimate of electron

temperature. Furthermore, measurements of RrS(T) have been performed

in a theta pinch for several prominent satellites of the 0 VII and
21 .

F VIII resonance lines by Pospieszcyzvk . Rrs(T) is plorted in

. 2 2 2 °
Fig . (11-3) for the FVIII 1ls 2p P-ls2p D transition (17.17 A). The
principal difficulty associated with this diagnostic method is the low
intensity of the satellite lines (typically two orders of magnitude less
than that of the resonance line). One must also be warv of recombination-
induced resonance line emission as described previously and the
satellite lines can be difficult to separate from each other.

Bhulla et al., have calculated IS/Ir for twentv-four different

A
- -

configurations having both excited electrons in n = 2 states . For

. . . - - - —-a C . s

oxvzen at inl eV, nine have I /I_ ~ 3> x 10 ', with the maximum value

s’ r
. -3 . . . .

6.9 x 10 7. The two satellite lines most suitable for measurements are

both actually bdlends o7 two verv closelv spaced transitions. Pospieszczvk

rasclved seventeen separate satellite lines apiece “or oxvgen and Iluorine.

Uniortunatelv, in the case of fluorine two of the brighter lines are

verv difficulr to separate “rom the intercombination line, s0 a correction

nust De applied as discussed oreviouslyv.
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2. The Soft X-Ray Spectrometer

The soft X-ray spectrometer consists of an evacuated pipe leading
irom the experimental cell to an evacuated box, a flat crystal mounted
within the box, and a detection system. A vertical slit (;g) is
normally inserted in the front end of the pipe. A schematic of the
basic configuration is shown in Fig . (II-6). all sides of the spectro-
meter box have 6" or 3" openings for windows, detectors mountings, vacuum

teed-throughs, vacuum couplings, etc.

The dispersive element of the spectrometer is a flat, 2.1 x 6.3 mm
thallium acid phthalate (TAP) crystal. The wavelength dispersion is given

by the Bragg law,

= 2d sin = (11-19)

where 4 is the lattice spacing and * the angle of incidence. With double
atomic spacings 2d of order 26 g, the acid phthalate crystals are well
suited for spectroscopy of highlv-ionized oxvgen and fluorine ions. TAP
has a resolving power ) /3. ~ 700 over the range of interast, where _-

i3 the FWHM of the Lorentzian rocking curve. While this is only half

the resolving power of potassium acid phthalate (KAP, 2d = 26.6 S)

’

rn

it is sulZicient to separate the resonance and intercombination lines o

(2]

FVIII (/L 7 120). TAP was chosen for its high re

X8
Pt
®

lectivicy,

zimes that 2f XAP, of about 12,37 for the ¥ VIII resonance iine

'15.31 %) and about 177 for the T VIII Isio-ls
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With the configuration of Fig  ([[-6), one limitation on :the
range of wavelenghts that can be scanned in 2 single spectrum arises

irom the width of the magnet's access port. With the inside width of
n

the pipe 7/16" at a distance of ~ Gi from the plasma, the range of Bragg
P 5 28

angles is 1= ° .67 radian = 3.3°. The length of the crvstal itself is

the other limit; for central Bragg angle io the range is given by

6.331noo
3= — 1I-2
3 R (1 D)
where R is the separation of the crystal and plasma. Thus, for fo = 40.740
(v = 16.807 X, the resonance line) and R = 100 cm, 25 = .041 radian, which

is more stringent than the limitation imposed by the channel width but it
is still enough to get the resonance line and all its satellites. However,
for = = 17.5" (A = 7.757 g, the Al XII resonance line), if R = 100 cm,

13 = .019 radian * 1.1°. Hence the crystal was moved as close to the

plasma as possible when aluminum spectra were taken.

The crystal was mounted on a shaft whose angle was set bv a worm-
and-wheel assembly Fig - (II-7). For time-resolved spectra, the exact
location of the lines at the detector is critical, so the worm-and-wheel
assembly was mounted atop a translation stage. Unlike the worm, the
translation stdge could be controlled from outside the spectrometer
box without breakingz vacuum.

The axial spatial resolution attainable in the configuration of

Figz. Ii-20 13 o7 course 2qual to the entrance slit width. This was set
it 1.7, L.% or 2.3 mm. No spatial resolution could be obtained ia the
racial firescion or this confizuration.
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'imaging'" of the line-

For time-integrated spectra with radial
emitting region, the crystal was mounted with its rotation axis
parallel to the magnetic axis fig. (II-8). In this configuration
the lines are brodened by the diameter of the plasma column plus the
width of the crystal rocking curve. The latter contribution, expressed
in terms of Bragg angle (135), is independent of R, whereas that from the
plasma size decreases linearly with distance. Thus, to minimize the
effect of the crystal rocking curve on the line profile, the crystal
was positioned as close as possible to the plasma ( ~ 50 c¢m). This also
maximized the range of X-ray wavelengths covered in a single spectrum,
which was no longer limited by the size of the magnet access port. The
resolution (rocking curve width) was then ~ .45 mm for %o = 33°. The size
of the "'image'" is magnified from the plasma diameter by sec (90O - 2%0).
a. Time-integrated detection

Several film holders were made up for studies of time-integrated
spectra Fig. (I1-9). These are simply two metal plates which sandwich
the £ilm. One has an X-ray wiprdow; the other has felt or O-ring
baffling surrounding the film to keep visible light out and to allow the
filmholder to be pumped out and re-exposed to atmosphere without
rupturing the windows. The windows consist of two lavers of not-quite-
pinhole free alumiaum leaf, each of thickness of 0.3 .m or 1.05 .m.

The windows are longer than the crystal; thus the film records
all lines reflected by the crvstal.

The Iilmholders were normallv mounted irom a flange on the side

2L the bex. Between the crvstal and the {ilm was a plate with a
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horizontal slit; the filmholder could be moved up or down from outside
the box without breaking vacuum. In this manner two spectra could be
raken on the same piece of film.

A Jdifferent mount had to be used for taking aluminum spectra.
When the filmholder is mounted perpendicular to the magnetic axis
line intensities are attenuated by exp (-upd/sin 23), where d is tne
window thickness, ;. the mass density, u the mass attenuation coefficient,
and 3 the Bragg angle. For the Al XII resonance line, sin 2%-sin 35°
.574, thus increasing the attenuation by 2.1 um of Al from 2.4 to 4.2
e-foldings. Hence the filmholder is mounted at 45°% with respect to the v

magnetic axis (incidentally restricting us to one spectrum per piece

of film).
Kodak 2490 film was used in these experiments, for both imaging and
spectroscopy. The response of this film to soft X-ravs has been calibrated.

- . . . L 23
If exposure is not high enough to cause saturation it is of the form

loglO (lOD-l) = A(2) lOglO H + B(=) (-2

where D is the diffuse film densitv, H is the exposure in photons/(um):.

= the photon energy, and A(:) and B (z) were interpolated irom experimental
values reported in ref. 23 : A(16.3 ) = .389, 3(16.3 &) = -.33;

A(7.76 R) = 1.25, and B(7.76 g) = .03. The response curves are not trulv
linear at low densityv; D - HA as D - 0. Film density is determined

with a Jarrell-Ash specular microphotometer. As a rough check on the film

calibration, one-and-five shot eXposure spectya were taken of teflon




targets on the same piece of film under identical conditions of laser

focus, tarzet position, magnetic rield and =crystal angle.

b. Time-resolved Jetection

The time-resolved detection system (Fig.(II-10))has two
closely~spaced channels for simultaneous measurements of two X-ray lines.
Each channel consists of a scintillatcr, plastic lightguide, and a photo-
multiplier tube. The scintillators are covered by masks which define the
spectral bandpass, and two layers of 0.6 .m thick Al leaf to keep out

visible lighc.

The two-channel capability is useful bevond the resonance-to=-
intercombination and resonance-to-satellite ratios described above. TFor
example, simultaneous measurement to the F VIIL ‘.s3p—ls2 and F IX Lvman
« lines (14.458 and 14.984 g, respectivelv) can provide an estimate of
the relative populations of helium-like and hydrogen-like ions. The F VIIIL

2 2
ls4p-1s and 1ls5p-ls lines (13.78 and 13.32 X) could be monitored to
determine ir three-bodyv recombination ever becomes an important process
for populating the upper states. However, the only results of simultaneous
measurements of two lines reported here involve the resonance and inter-
combination lines.

The NE-102 plastic scintillators are 0.25 mm thick, 1.3 c¢m wide and
2.3 cm high (which exceeds the height of the X-ray beam reflected oi:
the 2.1 cm wide crystal). The thickness is sufficient to stop all

{-ravs of these energies incident upon the scintillator.
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The lightguides are glued into a faceplate which attaches onto the
he spectrometer by means of a 4" ladish fitting. The two channels are .25
cm apart. The lightguides are mounted at + llo from horizontal. However,
the ends have been angle-cut; the scintillators are thus parallel to the
inner surface of the faceplate, though slightly recessed from it. A
hole for a third channel has also been cut in the faceplate, the third
! lightguide would be mounted in the herizontal plane 45° from the other
lightguides. For the experiments described here, this hole was covered over.
r The cross-sectional dimensions of the lightguides were 1.3 x 2.4 cm;
the length, 28 cm. The lightguides were wrapped in aluminum foil to keep
scintillator light in and room light out. The entire lightguide assembly
was also wrapped in felt.
Each lightguide couples to an Amperex XP2010 photomultiplier tube.
Each pnototube is shielded from strav magnetic fields bv an iron housing.
The diameter of the phototubes is about 3.0 cm, just slightly larger than
the diagonal of the lightguides.
: Masks were prepared for each line pair based on line separations
observed in time-integrated spectra. The mask used for observations of

F VIII resonance and intercombination radiation had two slits with a

k . center~to-center separation of 3.3 mm. For these lines, the nearbv
satellites make it impossible to integrate over the entire linewidths;
» hence the slits were 2.0 mm wide, not much larger than the spectrometer

entrance slit. In contrast, the mask prepared for the better separatel

. 5 5
F VIIT ls -1ls4p and ls -1s5p lines had +.3 mm wide siits. (Channel

separation was 1l6.5 mm). Portions of the masks in :ontacs with the




faceplate were lined with felt to keep out stray light and to prevent
crosstalk between the two channels (i.e., visible photons irom one
scintillator reflecting off the window into the other channel). Also for
the prevention of crosstalk, the mask thickness was reduced from .125" to
.040" in the vicinity of the slits, and the front surface was painted black.
Wavelength calibration was accomplished with the aid of a third
€ilmholder. Small posts were screwed into its bottom plate to allow
precision placement of the film. However, final wavelength alignment
was periormed by translating the crystal and seeking the position of
maximum signal.
The response time of the scintillators is ~ 2 ns. The transit
time for electrons across the photomultiplier tubes is ~ 40 nsec, but
the spread in arrival times is only 2 nsecs. Thus, the net time resolution
attainable using a Tektronix 7844 oscilloscope with 7416A plug-ins is
5 nsec.

The relative response of the two channels was determined bv trans-
lating the crvstal from its normal position so that the F VIII resonance
ine was recorded on the long wavelength channel (normallv used for the

intercombination line). Comparison oI signals for identical conditions
of magnetic field and target position showed the short wavelength channel
to e 2.3 times as sensitive as the long wavelength channel. 2v rotating
the crvstal and then translating it to get the same iine dack on the
short wavelength channel, it was also verified tha: there is no sub-~

stantial variation in crvstal reflectivitv along its surface.
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3. Experimental Measurements

a. {ime-integrated spectra with crystal rotation axis perpendicular to 3
The bulk of the time-integrated spectra taken with the crwvstal

rotation axis perpendicular to 3 involved the F VIII resonance and inter-

combination lines and associated F VIII satellites. In spectra obtained

rt,

with the tarzet surface lining up with one =dge of the 2.5 mm wide slit
the lines are wider with B = 100 kG than with B = O because of source
broadening, since as with the continuum emission recorded with X-rav
pinhole photography, most of the line radiation comes from near the
surtface at B = 0, but not when strong magnetic fields are present. Peak
line intensity near the surface is maximized at 70-80 kG, although
quantitative analysis is difficult because of the large density zradients
and the optical thickness of the resonance line.

Figures (II-11) and (II-12) are plots of time-integrated intensity
vs. B Zor the resonance and intercombination lines at 0.6 and 1.95 cm from

the surface. Intensities displaved are for the points of maximum film

Jdensitv, with nc attempt made to correct Zor optical depth of underlving

satellites. Line emission i3 maximized 30 ®G. These values are listed in 3
3
Taple Ii-I Also listed are intensity ratlios for F VIII resonance to
F VIII satellite and the values of T_, a_ and : they implv at z = J.o cm.
< 5]
The nizh values of o (particularly [ = 5.3 at 3 = 30 x6) imply rtaat the

dubious value. (Note that applvinz

1,

2stimates ot o and T  are o
2
corrections for uanderlving satellites to the resonance a

compinaticn ines would increase the ratio, and taus the
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Spectra were also obtained from aluminum using no slit. In these
spectra, the resonance line was actually weaker than the intercombination
line, probably because of optical thickness. The resonance line intensity
monotonically decreased with magnetic field. The lack of source
broadening of the lines regardless of magnetic field is consistent with
pinhole pictures of Al plasmas showing intense X-ray emission only from
the region very close to the target surface.

b. Crystal rotation axis parallel to B

Time-integrated intensities of F VIII and F IX lines, other than the

F VIII resonance and intercombination lines (which are too closely spaced),
were obtained using the "radial imaging" configuration. With B = 0

the width of the F VIIIL ls3p-132 14.458 g line is 1.2 mm (FWuM) after
correcting for the film non-linearity and the magnification arising Irom
the crystal geometrv (sec (90O —290) = 1.1). Since the width that weul!l

be observed if the plasma were infinitely narrow would be .43 mm .Zrom Zhe

crystal rocking curve), this is rougﬁly consistent with the 5.4 mm
diametrer observed with B = 0 using pinhole photography . With 2 = 30 kG,
the FWHM of the 14.438 X line onlv increases to 1.3 mm; but there I3
nonetneless a substantial increase in line _mnission further awav irom the
focal point, well above what 1s observed in pinnole photograpns. Finallw,
with 2 = 130 G the line emission profile expands to a diameter of 2.3 mnm

Zven after subtracting the crvstal rocking curve :ompon%nt, this

is siznifizancly above the 1.7 mm plasma diameter observed ia pinhole

significant 2iiference in the widths of the line emission




!
{
:
:

profiles of the F VIII ls3p—ls2 (14.458 X) and F IX Lvman : (14.984 R) lines
is observed between B =0 and B = 100 kG, although the peak of the F IX line
profile is flatter. Continuum emission just bevond the He-like series limit
increases with B up to 80 kG. The range of photon energies covered on these
spectra was insufficient to give a good estimate of Te based on the slope

of the continuum.,

c. Time resolved spectra

F VIII resonance and intercombination line intensitv was recorded as
a function of time for a varietyv of magnetic fields and axial positions
through a 1.5 mm wide slit. From the time of first deflection from zero
intensity vs. position, front velocities can be inferred. The front

. < 7 . .
velocity is 2-2.5 x 10 cm/sec regardless of magnetic field, which
corresponds to fluorine ion energies of 4-6 kev. Application of magnetic
fields of less than 50 kG actually decreases line emission from the
surface, with peak intensity minimized with 3 = 30 kG (down ~ 30% from
B = J). Resonance line emission is maximized at about 70 kG at the
surface, and 30 kG awav from it.

Peak resonance line intensity is plotted as a Iunction of magnetic
field at the surface and at z = 5 and z = 10 mm in Fig. (II-13). Direc:

comparison oI intensitv measurements made at the surface with those at

t

otner positions would not be meaningful, since the eifactive 31lit wid:h
in zhe former case was verv small. Moving the tarzet back "~ 1 mm from

N

the z = Jmm position at 3 = 30 kG caused the resonance line intensitv o

increase > mor2 than 1 factor of Iive.
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At z = 5 mm, a second [eature is evident in the resonance emission
after the main peak. Its separation in time from the f[irst peak
decreases with increasing magnetic field; it appears as a plateau for

B = 70 kG, a second peak at nigher magnetic fields, and merges with the

tirst peak when B 100 kG. The time of this second feature is plotted
in Fig. (I1-14) relative to (a) time of breakdown at the surface, and
(b) time of first deflection of signal intensity from zero at z = 5 mm.
Power law fits are obtained for cz x Bnl in case (a) and t2 x 8—6/5 in
case (b).

It is not immediately obvious which, if either power law is phvsically
relevant; we must consider the possibility that this second feature repre-
sents a phenomenon which originates near the surface and then propagates
away from it (case b), although there is no clear sign of such a propagating
second feature at z = 0 or z = 10 mm.

Estimates of the electron density can again be made from the resonance
o intercombination line intensitv ratio Rri' In Fig. (I1-13), Rri-l.S is
plotted vs. time for B = AQ, 80, and 100 kG at z = 5 and 10 mm from the
target surface. At times later than those for which points are displaved,

iine intensities drop rapidly and the ratio becomes less meaningZul; however,

it should be noted that no significant change was seen in the ratio for

8 = 60 kG, z 5 mm at later times, up to and including the time of the
plateau in the resonance line. Ratios obtained from the surface region

are smaller than those obtained at = = 5mm: this is mcre likelwv a :onsequence

5% optical thickness of the rescnance line than a real increase in elec:iran

densiz with increasing discance from zhe targe:. Time-resolved ratins
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ire consistently lower than those obtained from time~inteygrated spectra.
Estimated electron density, based on a value of @fi—l.B)/ne =
1.75 x 10§18 cms, is also indicated in Fig. (II-15). This is the value or
the Gabriel and Jordanlq proportionality factor for Te " 130 ev;
adjustments would be less than + 10% for 100 - Te < 170 eV. Taken
together with values of Te obtained from the fast diodes, these densities
indicate 3 > 2 at B = 30 kG.
Time resolved measurements of F IX Lyman 2 emission were also carried
out, although not simultaneouslyv with F VIIL ls3p—ls:. Peak intensity is

plotted vs. B in Fig. (II-16) at the surface and 3 mn from the surface.

Once again line emission intensity is maximized ~ 70-80 kG. Emission at

B = 100 kG is seen to be very weak and non-reproducible. F IX line emission

appears to decrease more rapidly with increasing distance from the surface

than does F VIII line emission.

II.B. Fast X~Ray Diodes
Broadband X-ray emission above 1 keV was monitored with two “uantrad
model 100 PIN 250 silicon p-i-n detectors. The diodes were mounted in the
focusing box within the hollow of the laser beam, looking end-on at the
plasma :cclumn 1.3 m away (See Figzg. (II-3)). Thus X-rav emission Zrom
the entire plasma was detected. The diodes each have an active area of
N
1.3 tm™; however, the 31 .m Be window covering one of them was mounted
on 4 holder with an opening of onlv half that area. Visible lizht was
1.

5locked Irom the other diode 5¥ a 33 .m 3e foil zoverianz the entir

ACTLY

U
i1

iraa, 2isetime of the iiodes themselves is about 1 asec wi:sh
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300 volts. Actual time resolution was thus limited primarily by the
oscilloscope, which is a Tektronix 78344 operated with 7Al6A plug-ins. 4as

both scope and plug-ins have 225 MHz bandwidth, time resolution is thus

3 nsec.
e N ) . . . 24
The absolute sensitivity of a p-i-n diode is given by
e
of( = F - - - _7-_, __2
S(E) B (1 exp( Dda)] exp( lDda o wdw) Amps/Watt (II-21)

where e is the electron charge, Esi is the average energy required to create
an electron-ion pair in silicon (3.6 eV), “p is the Si photoelectric
absorption coefficient for photons of energy E, da is the thickness of the
dead layer (0.8 um in the present case), and “ and dw the absorption

coefficient and thickness of each window. The function S(E) is tabulated.

The net output current is then given by

1 = —=— [P(E) S(E) dE (11-22)

where A 1s the active area, P(E) the power spectrum emitted bv the =lasma,
and R the distance from plasma to detector. If one then assumes a

Maxwellian continuum spectrum, an estimate of the plasma electron temperature
(spatially averaged over the entire plasma) can then be obtained bv comparing
signals from :two diodes with different absorber thicknesses. For these

axperinents, this variation was carried out by placiang a 2.27 or 1.2 g./2a CH

foii over one of the diodes in addition to its bervllium window. Ilategraticn

PUIPN

3f 2quation (II-12) was pericrmed by computer Lo obtain the zalidration furves




for T vs. the current ratio. Figures (II-17a) and (II-17b) show results

e
of this calculation for CF, (recombination edge at =~ 950 eV) and graphite
(no recombination adge above 300 eV). Effects of small uncertainties in

the Be window thickness are also shown.

The fast silicon Jdiodes were used to monitor spatially-integrated
soft X-ray emission from CFZ’ LiF, aluminum, and graphite targets, with
varving attenuator thickness.

Several interesting features of the signals recorded without
additional C‘d2 filtering (i.e., Be attenuation only) are observed. With
magnetic fields of 30 kG or less, high intensity short duration (as low as
100 nsec FWHM), X-ray bursts are sometimes seen; peak signal strength
can vary by two orders of magnitude from shot to shot. Figure (II-18) is
a histogram of peak X-rayv intensity vs. B from aluminum target plasmas
recorded during a single run. Since most of the X-ray emission of
aluminum tarzet plasmas is in the form of Al XII line radiation, signal
voltage is easily converted to total X-rav power output using equation
(I1-21) for the diode response and the measured transmission of the X-ravs
throuzh the 31 .m 3e window and 0.8 .um Si dead laver. Maximum observed
~

X-rav signals thus indicate total X-ray energy of about 9.5 joule, and overall

<

conversion elficiency of laser energy to X-ravs about 1.5 x 10 ); however,

the maximum observed peak instantaneous conversion efficiencv is about .33.
With higher magnetic fields, there is a monotonic decrease in peak

intensitv with incrveasing magnetic field. X-ray pulses from aluminum

mas are alwavs oI snort duration 0 nses FWHEM), with nezlizible
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HISTOGRAM OF PEAK X-RAY
INTZNSITY, RUN OF 4/27/78
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Fig. 1I-13 Peak X-rav intensitv from PIYN dicdes versus Zield.
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o, intensity recorded 7ter the jain-switched laser spixe. iHowever,

\ considerable X-ray rlux emerges from reflon target plasmas during the

i

rail of the laser pulse. [n Fig. (II-19) intensity is dlotted vs.

k B for several times after breakdown. Emission beyond the peak ¢. the
k]

L, . o N . . . .

3 X-ray pulse is maximized for B = 30 kG; and a prominent should r is

. seen in the X-ray emission ac B=80 kG, but not at B = 130 kG at adbout
;e 40 nsec after the peak. However, a greater percentage oI the total

T » . . - PR P
. X-ray output ~omes during the tail of the laser pulse with B = 100 «G

than with B = 80 kG. Emission from graphite targets is orf intermediate
duration between that from CF, and that from aluminum, and is less intense

than either. A small amount of data was taken with LiF targets at 3 = 50 kG.

1,

The X-ray intensity was about 277 below that of CF,, with no obvious change

in temporal structure.

when a polypropvlene absorber is placed in front of either diode in
addicion to the 31 or 33 um Be foil, high frequency oscillations are
observed during the first 100 asec of the .{-rav pulses emitred >v telilon

rarget plasmas in che presence oI strong magnezic ti

¥)
rt

these oscillations usually exceeds the upper limir ror any osciilati

)
o]
w

on zhe diode having no CH, filter; in some cases the siznal becomes negative.

(£

Fur-her =vidence that these oscillations are probablv not sinplv plikup was

cstained when operating Sias veoltage was reduca2d to 30 volts and e

oscillations Jdisaprearad. ‘Reducing bSias voltage Irom 120 :o 30 wo

i2nzhthens zhe rasponse time o greater than 1D asec®. The Irsquencs »

“he osolillations I3 usualiv o abousl ibout the same 33 that

? z laser mode- o




y AD=ADB4 20%  MASSACHUSETTS INST OF TECH CAMBRIDGE FRANCIS BITTER =-~ETC F/6 20/9
LASER-PRODUCED PLASMAS AND RADIATION SOURCES.(U)
JAN 80 D W SCUDDERs H C PRADDAUDE F“5620-76-C-0002
UNCLASSIFIED AFQSR=TR=-80~0335




800 ) T T 1 1 I
TOTAL X-RAY FLUX >l keV
CF, TARGET PLASMAS
400 . o
o
1 . .
£ 2001 < 5 ox X
pd
)
08 X o)
o
< |00k ©
© o
E 80 .
)
pd
LJ
-
Z 40k
e t=30nsec (peak intensity)
X t=70 nsec
o t=130 nsec
o0 Y 51 | L | 1
50 0 70 80 90 100

B(kG)

Fig. I1I-19 PIN signal level in millivolts at various times aiter breakdowm.
Conversion of signal level to X-ray emissivity not straightforward for CF,.
Peak intensity often is very large for B< 00 kg. -

B T o ) o L g

95




The primary motivation for using the CH, filters is to obtain an estimate

of the electron temperature. Figures (II-20) and (II-21) are plots of CF

2

plasma electron temperatures vs. time for various magnetic fields based on

the calibration curves of Fig. (II-l7a). For Fig. (II-20), diode 31

(that is, the diode with the 31 pwm thick Be window) had no CH2 filter, and

3 diode 33 was covered with 1.2 mg/cm2 or 2.27 mg/cm2 of CH,. Values of the

diode 33 signal were obtained by taking the mid-point of the oscillations

EA at t < 100 nsec. (At times earlier than those displaved, the oscillations
totally dominated the signal). Fig. (II-21) was obtained by comparison of
signals from Diode 33 observed during different runs with different CH2 .
2 ;
f thickness (1.2 or 2.27 mg/cm , as above). That is, ratios of the ratios I
|
|

1 used for the values of Te in Fig. (II-20) were also used to deduce electron
temperatures. Only shots with similar diode 31 signals were analyzed

} ' in this manner; sufficient data for this purpose was obtained only for

B = 80 kG and B = 100 kG.

Values of Te obtained with different pairs of absorber thicknesses

increase strongly with increasing absorber thickness, indicating a very
non-Maxwellian spectrum. Despite the data used for Fig. (II-21) coming
from different runs, the electron temperatures plotted there probably bear
the closest resemblance to reality for the following recsons:

1. 31 um of Be is not enough to completely exclude line emission.
2 Transmission is still 1.447% at the F IX - F VIII recombination edge (954 eV).

{ An increase in "apparent temperature' at times shortly after the peak of
f the X-ray pulse may be a manifestation of this. It is possible that the more
:

L s intense "harder'" X-ray emission at early times may be counter balanced bv
; the F IX line radiation which occurs mainly in the first 30 nsec.
-
2. Comparison of the two diodes introduces uncertainties of its own.
Jne would expect tne siznal ratios to be nearly constant in time when diodes
naving different absorbers record {-rav emission from aluminum plasmas.

A T O R 1 g P T G e e e % o
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Not only is this not the case, but sometimes the ratio indicates average

X-ray energies well below the Al XII resonance line energy of 1.6 keV.
Figure (II-21) shows Te to be substantially greater with B = 80 kG

than with B = 100 kG. The increase in Te from 145 eV at 70 nsec to

160 eV at 90 nsec for B = 80 kG corresponds to an increase in the average

flux of harder X-rays during the shoulder of the non-CH, diode signal.

2
X-ray emission from graphite target plasmas recorded with 2.27 mg/cm2

of CH2 over diode 33 was even more heavily dominated by oscillatioms than

that from teflon. Comparison of peak emission at B = 80 kG, in conjunction

with the calibration curve indicates an early electron temperature of 200 eV.

I1.C. X-Ray Imaging

Two imaging systems for time-integrated flux were constructed: a
pinhole camera utilizing one of the magnet's radial access ports, and a
collimator plate set-up inserted in the experimental cell. Both are
diagrammed in Fig . (I1-22).

The pinhole camera assembly consists of an evacuated pipe with a
Nikonos III underwater camera body at one end, and, inserted into the
other end, a narrower pipe on which the window and pinhole are mounted. The
length of the inpmer pipe was chosen such that the length of plasma imaged
onto the rfilm was maximized. The primary constraints were the dimensions
of the access port, finite thicknesses of the pipe walls, and maximum image
size recordable with the camera. The pinhole and film are respectively
3" and 12" from the plasma, for an image magnification of three. Up to
3 mm of the plasma coliumn can be imaged on a single shot. Recording the

full diameter is simply a matter of alignmenc. The 35 mm film is Xodak 2490.
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Pinholes of 50 um and 200 um were nsed behind a 10 um Be window

for experiments reported here. The pinhole assembly includes an O-ring
seal between inner and outer pipes and a gas inlet between the pinhole

and film. Spectral information could thus in principle be obtained by

the differential gas absorber method. However, the complex dependence

of the film sensitivity on X-ray energy would make interpretation difficult,
so no absorber gas was used.

The total length of the X-ray emitting region of the plasma was
estimated using an X-ray filmpac mounted under a set of collimator
plates within the experimental cel;. The mount is a half-cy.indrical
shell into which grooves were cut for the collimator plates. The film-
holder is simply a piece of aluminum foil into which holes were cut at
1l cm intervals and then covered with Be foil. With five collimator plates
spaced 1 cm apart being run on a given shot, film underneath the windows
could respond to X~-rays from a segment of the plasma column up to two
cn long. Since replacing the film requires removing the cell from the
bore of the magnet (and this is a very time consuming operation if other
X~-ray diagnostics are plugged into the cell), this diagnostic was used
rather infrequently.

200 .m pinhole pictures were taken of teflon, aluminum, and graphite
target plasmas. One shot is sufficient to adequately expose the film
when imaging the target surface region. Up to 2 cm from the surface
200 .m pinhole photographs were taken of the teflon target plasma column
with exposure on four shots. With a 50 um pinhole, images were obtained

of the surface and nearby regions of teflon plasmas by integrating over

twelve shots.




Perhaps the most striking aspect of the X-ray imaging studies is the
effect of magnetic field on the time-integrated radial emission profile
at the target surface, and its variation with target material. Figure
(I1-23) consists of microphotometer traces obtained by scanning the
surface (most intense) section of various pinhole photographs perpendicular
to the magnetic field axis. The scanning beam was 0.3 mm (}ig) X 3 um
(13), corresponding to a 0.1 mm x 1 um section of the plasma. At zero
field the diameter is about the same for all three target materials. With
graphite, no radial expansion is seen as the magnetic field is increased
to 100 kG; peak film density increases with increasing field. For teflon
targets, the diameter of the bright surface region (corrected for film
non-linearity) expands from 0.6 mm to 1.7 mm FWHM as the magnetic field 1
is increased from 0 to 100 kG; this is plotted in Fig (II-24).
Furthermore, peak intensity decreases with magnetic field, as shown in
Fig.(I1-25). These effects are even more pronounced for aluminum targets;

not only does the image become dimmer and wider with increasing magnetic

field, but a deep on-axis minimum also appears in the emission profile when

the magnetic field exceeds 30 kG. At B = 60 kG, the intensity from the

on-axis minimum is about 40% of the average of the two peaks. The separation
of the peaks is 1.4 mm which is much greater than the focal spot size

(" .4 = .5 mm), and the diameter (based on the intensity at the on-axis
minimum) is 2.3 mm.

Microphotometer scans parallel to B show that the on-axis minimum does

0..

1

|

not persist very far from the surface. With graphite and aluminum targets, li

i

L]

time-integrated intensity drops very rapidly as one moves away from the '
i
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FWHM DIAMETER OF TIME-
INTEGRATED X~RAY EMISSION
FROM CF, PLASMA
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Fig. II-24 Diameter of X-ray emission profile vs. B obtained frem surface
region of 530 um pinhole photographas of CF, plasmas.
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surface for all magnetic fields. With no magnetic field, the width of
the emission peak appears to be 0.3 mm FWHM for aluminum targets. This
indicates a very small emission region, since the pinhole size is 0.2 mm.

Wich CF2, however, with magnetic fields stronger than 50 kG considerable
X-ray emission is seen at distances 3reater than 2 mm away from the
surface. This increases with B up to about 80 kG. Indeed, when very
strong magnetic fields are present a local maximum is seen in the axial
emission profile ~ 3 mm from the surface. At the axial position of the
local miximum, the radial profile is more strongly peaked on axis than
elsewhere.

When the collimator plate system was used with teflon targets, the plasma
column caused saturation of the film up to 12 cm from the surface when fields
of 50 kG or greater were applied. No exposure was seen with B = 0 or
B = 25 kG at 4 cm from the surface. Saturation was not observed with

aluminum targets.

I1I.D. Conclusion

In conclusion, several useful X-ray diagnostics of solid target
plasmas nave been built and demonstrated. Spectrographic techniques have
provided the space and time resolved electron densitv in fluorine plasmas,
and somewhat less reliably the temperature. The space integrated temperature
has been observed with X-ray continuum detectors. Finallv, X-rav imaging

nas allowed the spatial distribution of the luminous plasma to oe

jetermined.

)




III. Schlieren Photography Density Diagnostic

An extremely powerful class of diagnostic techniques for
measuring plasma density involves photography using light trans-

mitted through a plasma. This class includes schlieren photography

25)

and interferometry of which double-pulse holographic interferometry(

is just one variation. These techniques have in common their use of

optical phase front distortion introduced into a beam by the plasma to

somehow modulate an image which provides two dimensions of spatial

resolution. For the most part the results are easy to analyze and

do not depend on the plasma temperature, assumptions about

equilibrium, or poorly known coefficients, all of which plague

spectroscopic techniques. These advantages coupled with the good

time resolution possible with pulsed laser sources are responsible

for the popularity these techniques have enjoyed in recent years.
Schlieren photography utilizes the lensing effect of density

gradients to deflect part of a collimated beam. When the beam is

subsequently focused on a slit the deflected part is blocked. Thus

a schlieren photograph consists of an image of the plasma in which

regions of significant gradient are dark and the rest of the image

is light. By measuring relative darkness quantitative information

can be obtained. The choice of a schlieren svstem rather than, say,

a holographic system for use with this experiment was largely dictated

he A rns e s n s 1 e on
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by economic considerations. The schlieren system requires a bright,
short-pulse source, but its mode quality and coherence need not be
nearly so good as an interferometric system requires. Thus an
inexpensive "home made' gas laser can be used rather than an expen-
sive, "holographic quality" solid state laser.

In this chapter we will describe the nitrogen laser used
as the source, the schlieren camera, and the analysis of the schlieren

photographs.

A. Nitrogen Laser

A nitrogen laser was chosen as a source for these studies
because it is easy to build and has a short pulse length, of 10 nsec FWHM,
compared to the CO2 pulse length and the characteristic times for
plasma motion. Originally it was planned to use the laser on the
5401 & transition of neon rather than the ultraviolet nitrogen
line. This laser transition has a pulse length comparable to
nitrogen and has the advantage of being in the visible part of the
spectrum. However, it was found to be much weaker than the nitrogen
transition and thus could not be used.

The design of the nitrogen laser initiallyv followed a vervw
familiar parallel plate Blumlien design giving a transverse dis-
charge along a 110 cm cavity. This design was subsequently modified

to raduce the triggering inductance and to provide a true traveling

108
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wave excitation. The final design consists of a Blumlein circuit
made from 26 lengths of coaxial cable (RG8). The braid of each
cable is separated at approximately midway along its length and
connected to either side of the laser cavity. The center conductors
are charged to high voltage, typically 20 kV, then shorted to the
braids at one end of the cables through a common spark gap. The
resulting voltage pulse travels along the braids to the laser
cavity, where a Blumlein erection occurs. The distance that the
pulses must travel to reach the cavity is graduated along the cavity,
so that the voltage wave moves along the cavity at the speed of
light.

The voltage rise time of the circuit is estimated to be
4 nsec compared to 50 nsec for the parallel plate system. The cables
are 3.05 m long giving a 15 nsec pulselength to match the natural
10 nsec laser pulselength.

The cable discharge laser produces pulses of 200 .J compared
to 900 uJ for the parallel plate system. However, the beam diver-
gence improves dramatically with the cable svstem going from 3.3 mrad
to 1.3 mrad perpendicular to the discharge (the beam is a rectangle
elongated parallel to the discharge).

A schematic diagram of the laser is shown in Fig. (III-1),
and the laser characteristics are shown in Fig. (II1I-2). Fig. (I11I-3)
is an electrical schematic of the laser circuit.

The cable discharge laser design is inherentlv much salfer
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than the parallel plate system, making it much more attractive for

experimental use.

B. Schlieren Camera

A schematic of a schlieren system is shown in Fig. (III-4).
A beam of light, in this case from a laser, is focused onto a ground

glass diffuser and an input slit located at the focal plane of a

second lens. The light that passes through the slit expands to the

f lens which approximately collimates the beam. The collimated

beam passes through the plasma and through a third lens which focuses
it onto a second slit, at its focal plane, thus forming an image of the

input slit. The film plane 1is located bevond the second slit at the

image plane of the plasma.
Any rays which are deflected by the plasma will not be imaged ’

directly onto the second slit. Thus the illumination of that part

of the image field will be attenuated, and that part of the plasma

will appear dark in the photograph. If the deflection angle of a ray

is -, at the second slit it will be moved a distance & = £f3 where

f3 is the focal length of the third lens. The relative brightness ac

the film plane due to deflected ravs compared to undeflected omes will

-

be Id/l'o = (S - _.)/S where 5 is the slit width.

A diagram of the schlieren camera is shown in Fig. (III-3).

The optical components are mounted on an aluminum plate which is

e Mg AP T AR LT st e s o,
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clamped atop the Bitter solenoid in which plasmas are generated.
After passing through the first slit and being collinated by the
second lens the beam is incident on a beamsplitter. The trans-
mi:cred part of the beam (50%) is discarded, and the reflected
part is directed down (into the plane of the page in Fig. (III-5)
through vacuum windows on the plasma cell. A mirror below the cell
reflects the beam back through the cell along the same path to the
beamsplitter where now the transmitted part is used to take the
picture. Beyond the second slit an interference filter is used
to attenuate radiation from the luminous plasma. A Polaroid(R)
film pack at the image plane is used with type 665 negative-
positive instant film. This is a medium contrast continuous tone
film with ASA75.

The radiation from the plasma is significant and measures
had to be tagea to minimize fogging of the film. The use of
a second slit rather than a knife-edge at the focal spot of the
third lens is the most important measure, since it makes the
effective f/ number for collecting plasma light very large
(~ £/400). Also, the laser line filter eliminates nearly all ot
the plasma light not in a narrow spectral range near the laser
wavelength. Finally, a horizontal slit was added to the vertical

slit to further restrict the collection angle. Of course the

horizontal slit had to be much wider than the vertical one; it
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was 5 mm compared to 200 um.

Even with these measures the plasma luminousity exposed the
central 4-5 mm2 of the image. A further measure which could
further attenuate the plasma emission would involve a fast electro-

optic shutter which could limit the exposure to 15 - 20 nsec. Such a

shutter was, however, not available.

C. Analysis of the Data

A number of schlieren photographs were obtained in the
plasma geometry used in the stimulated Brillown backscattering
study described in Chapter I. All of the schlieren photographs

were taken at zero magnetic f£ield in 11 Torr of nitrogen.
1. Qualitative Results

Fig.(I1I-6) shows several photographs taken at various
times after initiation of the laser pulse. The dark cylinder
coming into the bottom of the pictures is a threaded tube through
which the CO, laser beam enters the plasma chamber., The break-
down initiates at a 3 mm orifice at the upper end cf the tube.

The bright region adjacent to the orifice is due to plasma radia-

tion.
The plasma is seen to move outward rapidly after being

heated by the laser pulse forming an approximately hemispherical

e e
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shock or blast wave. Apparently, significantly lowe} plasma
densities persist behind the shock than are present in it or in

the original breakdown. This is indicated by a bright line visible
in some of the shocks caused by a change in direction of the density

gradient.

2. Quantitative Results

Schlieren photography is best suited for studving strong
discontinuities such as the outgoing shock waves in the pictures
of Fig. (III-6). The diameter of the plasma was measured from a

series of shots perpendicular to the CO, laser beam in a plane

2
1 mm from the orifice. These diameters are plotted in Fig. (III-7)

as a function of time aiter the initial breakdown.

The solid curve in Fig. (III-7) is a best fit to the data

. . , 2/5 A
assuming that the blast wave radius varies as R = t , which is
- 26
3 the theoretical dependence for a spherical blast wave -
The best fit is
=2/5..2/5 (I11-1)

i = 605(cm sec )t

Ideally, the coefficient in Eq. III-1 could be used to extract
the energy deposited in the gas by the laser. However, the observed

shock is so strong that it 3ives rise Zo a significant degree

of ionization which invalidates the simple hvdrodvnamic model. For
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an unionized gas with v = 7/5 the observed expansion would imply
that 39J out of the 300 J laser pulse were deposited in the zas.
However, the effects of ionization would require significantly
greater deposition.

It is possible to estimate plasma temperatures just
behind the shock based on variable v technique described by Ahlborn27
and the Rankine-Hugoniot relations for a strong shock. Shock
velocities taken from the curve in Fig. (III-7) would imply

temperatures of approximately 60 eV at 20 nsec dropping (approximately

as v2) to 2.5 eV at 300 nsec.

It is possible to unfold schlieren photographs to obtain
the plasma electron density. This has been done for several of
the photographs, although the accuracy of the results is poor. The

procedure consists of scanning the photograph on a microphotometer

to obtain the photographic density as a function of position. A sample
microphotometer trace is shown in Fig (III-8). Using the tabulated i
characteristics of the f£ilm, the density is related to the exposure
level, from which the deflection of the ravs passing through the
plasma can be calculated.

To the extent that the plasmas being studied are axially

symmetric, the deflection angles are proportional to the line
N integral of the transverse density gradient through a cylinder.
! hl
v -
‘ . . ro dne .
' ‘ 2v) = e Iy dx (I1I=2)
rav patha
.- R
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where y is the distance from the center of symmetry in the photo-

graph and x is along the line of sight.

The solution of this integral equation is most easily
accomplished by dividing the plasma into a number of concentric
rings and assuming a simple functional form for ne(r) in each
ring. The integral can then be performed analytically in each

ring yielding a series of linear equations of the form

s = + . . . + + . . . -
%5 aljnl + azjn2 aijni (I1I-3)

where Ej and n:,L are values of the angle and density at discrete
intervals. The aij can be regarded as a matrix A, whose inverse

A 7 gives the n, as linear combinations of the :j
1
n. =a ., 2, +a s+ . . . +a.l oz, + 0. (I11-4)

Such a matrix and its inverse were zenerated assuming that ne(r)
is quadratic in r.

Plots of radial densityv profiles read from photographs taken
at three different times after the start of the laser pulse are
shown in Fig (III-9). Fig. (III - 9a) taken during the earliest

part of the laser pulse shows drnsities correspounding to full single

ionization of the nitrogen, n, = 7.8 x lO17 cm_3. In Fig. (III-9b)
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the peak density has climbed shortly after the peak of the laser
pulse to three times this value. By 145 nsec in Fig. (III-9¢) a
radially wmoving blast wave has become well formed.

In parts b and ¢ of Fig. (III-9) the center of the
photographs could not be read accurately because of the plasma
luminosity and because the changes in the exposures due to the
presence of the plasma were too small to be distinguished from
fluctuations in the background exposure. The dotted lines show
the density in the center region obtained from assuming that the
deflection angles in the center were zero. They should not be
taken very seriously. The negative density values, which are
clearly non-physical, and the lack of symmetry from one side to
the other are due to some combination of two sources of errors:
variations in the background exposure due to non-uniform illumination
of the field, which could be improved with further refinement of the
experimental system; and deviations from cylindrical symmetry in
the plasma, which introduces errors in the Abel inversion.

Measurements in unmagnetized nitrogen have shown that
during the laser pulse at least some fraction of the plasma becomes
triply-ionized. The expansion after the spike of the laser pulse is

seen to behave as a spherical blast wave.




D. Summary

In summary, a schlieren photography system capable of
providing quantitative, time and space resolved density
measurements has been designed, built, and demonstrated. This
system is inherently well-suited for the study of shock structures
and sharp boundaries frequently seen in laser-produced plasmas,
but it is less well-suited for absolute measurements of slowly
varying density structures.

Interesting measurements have been made with this system
of unmagnetized nitrogen plasmas, but time has not permitted other

experiments.

*
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Iv. Four~-Wave Scattering Diagnostics

Al Introduction.

There is a great deal of interest in plasma diagnostic
techniques which measure more or less directly the temperature
of the plasma species. In nuclear fusion research both the electron
and ion temperatures are of interest, since the former determines
much of the dynamical behavior, and the latter determines the reaction
rate.

The classic technique for measuring the electron temperature
is Thomson scattering of laser radiation. However, Thomson
scattered power levels are very small, which has contributed to
reducing its usefulness when measuring ion temperatures. Clearly,
any technique which could significantly enhance the scattered power
would be of great practical importance.

Nonlinear interactions are candidates for such enhancement
techniques since they produce scattering proportional to the product of
two or more laser powers, which can easily be made very large. This
chapter describes a theoretical analysis of one such nonlinear
scattering interaction -hich is cubic in the pump powers, involving
four wave interactions. Section IV.B. outlines tie kinetic theorv
of "weak" third order nonlinearities. Section IV.C. discusses the
c2sulcs of the theory relevant to plasma diagnostics, and Section IV.D.

discusses their application to plasma experiments in terms of the

plasma parameters and available laser sources.




[nteractions between three electromagnetic waves in a plasma
give rise to, and are mediated by, an electrostatic plasma wave.
It is through the dispersion characteristics of this wave that the
interaction gains its diagnostic value.

In a simple picture two laser fields beat with each other
and drive a coherent plasma wave at their difference frequency.
The density fluctuations associated with the plasma wave scatter
the third laser field. The scattered radiation is coherently

collimated, which is one of the advantages of the technique.

B. Solution of the Vlasov-Maxwell Equations

Kinetic behavior of a collisionless plasma is described by
the Vlasov equation. If that equation is Fourier analyzed in

space and time it becomes

_ - _ q — _ — _
i(., -k - v) I, v) + M (E., +vxB) .7 ¥ ()
G : s ¢ m, E i = T
J v
q
. LT - - . - = (IV-1
+ = - (E .- i v ~

= (Eq+ Vv x By) 7 rjm_\) - 9

where io (v) is the distribution function of the .'th species in
[

the absence of perturbing Iields, fj (v) is the component of the

perturbed distribution at (k ., »,), and £, (v) is its component
J ] J=mu
at\k4-k»~.-~)-
J aQ 2 m
we lonk first 3r the "laspv eguaticn in whick T 33t




where (El’ 610 (k,, »,) are the wave vectors and frequencies of o

two electromagnetic waves i

- . - |
= -1 . - + c.c.; = '
El El exp x(kl Y nlt)] c.c.; B1 kl X El |
“1 (1v-3) f
E, = EZ exp[—i(i2 - - uzt)] + c.c.; B2 = EZ X E2 ;
) |
,‘j
where El 3 is a real vector field with twice the
amplitude of El 2 This equation is
- q ;
: - . + Pl . 7_ 1
g = kg m vy £y, *a B0 V0 E 3
i
o o I
9 = v x (k1 x Ep) - s = v x &, x E_2) ;
+ — . - + - “ J
(51 * - s DU O R (1v-4) |
° 1 J"2 )
S = 0 ?
Here 5_7 and f_m_1 are the coefficients of the complex conjugates of {
E, and £,

If the nonlinearities are assumed to be weak then fl and i

£ , can be taken to be the familiar solutions to the linearized

-

Vlasov equation
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The cross terms in the brackets in Eq. (IV - 4) at first

glance seem to make the problem very
cases of interest these terms reduce

The simplification will be described

1. The Ponderomotive Force

The assumptions that must be

complicated. However, in most
to a surprisingly simple form.

in subsection 1.

made to effect the simplification

are: (a) the phase velocity of the electromagnetic waves is much
greater than the particle thermal velocities, thus terms of order
v%/c2 will be ignored while those of order vT/c will be kept (vT

is the thermal velocity); (b) the particle distribution is isotropic;
and (¢) » .

is comparable or less than k Vo i.e., the plasma waves

5 5
interact strongly with thermal particles.

jed

Denoting the term with brackets in (IV-4) by isz”/q",

ook d

substituting {iIV-5), performing the gradients of the denominators, and

expanding the gradient of a dot product where advantageous, it is found

useful to break M into the five pairs of terms.

g, T=(E_, - 7=f_ ) E, - 7= (E, © 7=f_)

. Ml - 1 v - 2 - v oy _ 2 v . 1 - v oou (1V-6)
o - kz v “1 T kl tv
i % % - Tk (5« B £ oy 7ot
W; - El “2 Fop ‘vTou _ VR K, X “—2) (El 7 T
- - - -2 - -
- (A: -k v) s (wl - kl V)
!
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-E_, - k,E, - V=f 7 x (kqx E;) - (E 7-) 7~f
M3 _ =2 171 v gu . 1 1 -2 v vVou (1V-3) !
. — —
(ml - kl V) w (»2 - k2 v)
1
v x (k. x E 7 7o g 9-f
o vox (k% El) (E_2 x (75 x Vo Ou))
‘ oy Gy = koY) (17-9)
) vV X (k2 X E—Z) (El x(?v < “;toi)
»2 (wl - El ‘ V)
\1_ ) v X (le El) K, (E ) 7\-;fou)
- - -2
wp (g = ky V) (1V-10)

4 . . .
The term M vanishes because the curl of a gradient is taken.

-

3,
Term M~ is of order

whare . and k are typical of the imposed electromagnetic Zields and
. ¥ P g

4 is their phase velocity in plasma

.,
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We ignore terms of this order by assumption (a).

1 .
Term M can be rewritten

-

\l = l 1 7 - - - J
2 - - - —C v | EE =E )+
b= Ky oV ‘ul—kl v 2 1'7-2 ‘viou
v =k v
= = _ 5 5
E_,(E 7;fou)] - —— —
(~l - kl v)(~2 -k, v)
7_ _ B -
x = | E (E 7-f ) +E . (E P )J (IV-11)

When this term is substituted into IV-4, the velocitv dependence

outside the divergence cancels (since EL ‘v o< wL) and the remaining

divergence in velocity space prevents it from contributing to any

.
charge or current density. Thus M~ can be ignored.
ot

The two remaining terms are of the same form so that we need

study only one for the time being. Using, from assumption (b),

The part proportional to v vanishes when dotted into the cross product,

leaving
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The dirference between the first two terms is of order kL("l_“7)/”EVT'
: 2
But this is of order ki/ui = 1/u 9 by assumption (<), which can
be ignored by assumption (a). Thus the only terms remaining are
N .
S P SRE
EE, R, . oni, B - E, K o
= L Lo (1V-13)
mz(ul - kl v) “ (~2 -k, - v)
.
= _ El -2 K . oo
199 5 ‘viou

where again kL'v<<fL. This term gives rise to the well-known pon~-
deromotive force, and assumptions (a), b) and (c) are completelyv sufiicient

to make it the only term to order VI/c.

2. Plasma Fluctuation Distribution

Equation (IV-4) can now be readily solved

fq f iq LpcEL, - E
. - . { = - -2 v oL CTUZT AN
I. (v) = —(CZ. + — K _ e (Iv=14
Du L B m [O S O R RY]

- - 172 2 ]

P
rty
te ]

3 is assumed to be longitudinal transverse solutions 4o a0t couple

o the ponderc. .tive force and are therefore uninteresting) the charge

densitr is




The efrect of the ponderomotive force on the ions has been iznored
because it is smaller than for electrons by me/mi- The integrals in
(IV-15) are proportioned to the ion and electron plasma susceptibilities

; . . . 1
described, for instance, by Fried and Conte

o :Oek5 EI'E-7
5 = + B+ ——= =
5 B (¢, {54) kg Eg B, oy “5e (1v-16"

The solution to the Fourier analvzed .laxwell equations for

a longitudinal electric field in a conducting medium is

ik 0,
P o= 14
3 - kz (1v-17)
2655
Thus
ix e E. .E k.
- 152
55 = ________5_6_____ P— —_— _2 (Iv_18)
1+ (. + w-. e’ 172 k.
oe 51 2

2 2 - -—
e /me 1 + <5i El'E-’ _
f_e = - — =~ k. .+ i-i (1v-19)
) k-7 1+ o+ .. 5 7 oe
5 > 51 Se 172

This is assentiallyv a result found by Drake, et. al.”, who introduced

the ponderomotive I[OrCe in a more ad hoc manner.

The electremagnetic field scattered bv these plasma IZluctua-
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tions when a field

+ c.c., B, =

3 E3 expi -i(k3- r - “Bt)]

is present in the plasma is found by solving the Vlasov-Maxwell

aquations at

k, = Ky 1K)

I+
=

= + . -
G T e T (g - ey)

since mixing terms appear under these conditions.

i(w4 - E4°;)f - % E . 7-f

be 4 vV oe

i(..)4 - E4 . ;)f .+

The ion mixing terms are again small ‘nough to be neglected. For

a transverse field the Fourier transformed Maxwell equations are

solved by

Substituting (IV-19) into (IV-21), and using the solution to find

JA’ the field EA is found to be in Fourier space,

-
v
tri
(&1}
ral)
2l

(Iv-20)

(Iv-21)

(1v-22
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In transforming this field to time and space variables use
is made of the faltung theorem, which states that the transform of

the product of two functions in Fourier variables is a convolution

in time and space variables

1 _ _ ik - L)
(_,;)2/ F(k, ») G (k,w) e dk duw

l‘_ 2 -t 1 - ! )
(27) f(r, ¢t ) g(r -1, t -t ) d

1

]
r dt

where f and g are the transforms of F and G.

The field Ez is just such a product of the two functiocns
k k
- . k& X 4 b'S
Glicyrw,) - 20 2 J
k4c + ‘HP_ ‘JQ
2 (1 ) 2 E, - E
2 + (. . E
= _ e 517 ‘se k) 1 £
Fllysuy) = D —
m 1+ (.. *+x. kj b
e 21 Je + 12
The transforms of G and F are
- i - ~ S{t - r/u)
g(r,t) = =2 /; X ‘Tox —r—‘—
2 + K E, . E
L= et (1 + 454) ¢sq ™3 “1 -2
S(r,cy = = —
N + + < 12
oy L+ e Ky

(IV=24)

(1V-25)

i

(1v-26)

(IV=27)




The transform of F results from the presence of an implied delta

function in (Eg, uk) which forces satisfaction of the matching
conditions. To make that delta function explicit it could have been
carried as factor of E—Z’ for instance. It was omitted here only
for simplicity. hd

E& can now be calculated where the convolution in (IV-24)

is taken over the volume in the plasma of the intersection of three

beams, and the observation point is taken outside of the plasma,

2 = - 4
+ i . e A
- 1 e2 k5 (1 K5 ) 5e E, E, a i ( ka < r o
E4(r’t) = EZ 5 5 =
< . v %
me klb J + /(51+ X Y1v2 l‘\_/‘ c T
E} o -1(ka' r - dﬁt)
x 7- x |7- x §=— {IV-29)
T r R

where a is the radius of the scattering volume, assumed spherical, jl

1s the spherical Bessel function of the first xind, f is the anit
vector 1in the observation direction, and R = = , the Zistance
from the center of the plasma to the observation point.

The spherical Bessel function is stronglw peaked aboutr. .,

such that 955 of the power is scattered Into the angle correspending

to the first zero of 15
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The Poynting vector is calculated from EA keeping in mind that
by definitions (IV-3) the Ej are only half the amplitude of Ej,

and that there is an equal contribution to Ea at its complex conju-

gate. Integrating the Poynting vector over the angle .5 gives the

scattered power &
2 4 2 |2
+ N N
2To 2 PP, (L4 x5 4 /0 S E R A
Py= 2227 1,2 s g "1 673 VTS
8wy, (T, f51 7 {se

2 2. .
where r  is the classical electron radius = e /[(4me m c7), +y 1s tne

plasma frequency, Te is the electron temperature,xz is the scattering

parameter 3y = (ks,\D).l , KD the plasma Debye length, and the N
and ié are unit vectors in the polarization directions of the fields
and the observation direction, respectively.

This result should be valid under the assumptions enumerated
earlier, and as long as the incident fields are small enough to allow
(IV-3) to be used. Other authors 2® have shown that this
requires

= < 1 - 2
v, = eE, <<y (IV-32)

m .,
€ 1

that is, the quiver velocity should be much less than the thermal velocitv.

C. Diagnostic Possibilities for Four Wave Scattering

For the scattered power (IV-31l) to be of value as a diagnostic

tool it must contain information about the plasma state. This information




is contained in the factor containing the plasma susceptibilities,

which we shall denote by the function §S

1 +
( (Si) “3e

1+ ‘51 +

(8]

S(ks"ﬁ)
‘5e

where the susceptibilities are

This expression applies to any species . so long as » 1is evaluated
using the Debye length of the species. However, by convention 1

usually represents the electron scattering parameter, so that e

can be replaced by

[}

For a plasma of electrons and one ion species S depends on

A

the two variables N and Xis both of which are proportiomnal to 5/k5.

e M

Because of the mass dependence of these variables, X will become large

(IV-33)

(IV=-34)

(1v-35)

(IV-36)




for relatively small values of % compared to xe' Since for X

large,?-’._.)i goes to zero, the ion dynamics will have an effect on

only the part of the spectrum, S(us), for ._ relatively small.

5

Electron dynamics alone will determine the spectrum for larger .

5

The division of the spectrum into these two parts makes it possible

to distinguish electron and ion contributions. For more than one
ion species the larger mass ions will contribute at smaller MS'

In Fig. ( IV-1) S is plotted versus xi for ~ = 10 and
various values of Te/Ti for a Maxwellian plasma. For 3>>1 the ion
spectrum is nearly independent of 5, whereas for x<< 1 ion contri-
butions are swamped by electron contributions. It is clear that if
the ion spectrum could,with confidence,be measured with considerable
accuracy with x large, it would provide both Ti and the ratio of
Te/Ti.

Also in Tig. ( IV - 1) an ion spectrum due to Thomson scat-
tering has been plotted normalized at Xy = 0. It shows that there is
considerable similarity between the two types of spectra, although
in general the four-wave spectrum has larger values for Xy 3L,

The electron contribution to the spectrum S is plotted versus
<, in Fig. { IV - 2). fhis part does not depend on I‘e/Ti (except for

the appearance of the ion-acoustic resonance when Te>>Ti) but varies

considerably with x. The structure at small E is due to the ions
and is included for comparison. Like the ion part, the electron spectra

have many similarities to Thomson scattered spectra although thev are

140
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not identical.

This analysis of the spectral function S shows that four wave
scattering has the ability to provide diagnostic access to both the
electron and ion temperatures. Additionally, it might provide informa-
tion about the presence of different ion species and, if the spectrum

could be fit to a specific value of x, even the particle density.

D. Applying Four Wave Scattering to Experiments

In order to apply four-wave scattering to a plasma physics
experiment, a number of choices have to be made regarding the charac-
teristics of the sources used and the experimental configuration.
Indeed, it needs to be determined under what conditions four-wave

scattering can give an appreciable advantage over Thomson scattering.

Plasma phvsics experiments span some thirteen or fourteen orders of
magnitude in particle densitv and four orders of magnitude in tempera-

ture. Thus much of the discussion in this section will be directed

towards identifying experimentally significant issues and exploring
their parametric dependences.

The choices of source wavelength, power, bandwidth, and the
experimental configuration are, of course, all strongly coupled.
For several reasons, however, the choice of wavelength plavs a central
role. Thus this section will be divided into several subsections
dealing with: (1) choice of wavelength; (2) source bandwidth; '3 com-

parison with Thomson scattering; (4) scattered power: and (3) pessible
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e
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experimental configurations.

1. Source Wavelength

The power due to four wave scattering (IV-31) is proportional

to the product

P, = — - -
NEEENE R

where 1 and ., are the frequencies of two of the imposed fields and

that of the scattered field. Depending on the plasma parameters
and the choice of experimental configuration, the relative values of

, and w, can vary considerably. For many experiments of interest,

w,

A)l’

however, and for purposes of estimation it is useful to assume

Wl«‘dzn,wa'\‘wL = Zvyc/\_L

where =9 and \L are the source frequencyv and wavelength. Thus

P EIEN

4

o

This wavelength dependence stronglv favors use of the longest
wavelength sources possible. However, wavelengths longer than the

critical wavelength

> g m
<"C o e

2 e n ‘
e

cannot propagate in plasma, and wavelengths near this value are sub-

lect to strong absorption and refractiom. An upper limit that we have

taus chosen for estimates is °, = . /10. Taking tiails upper limit for .,

iz. ( IV-3 ) shows the wavelengtas appropriate to various plasma densities,

witi examples of experiments and sources included .
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his choice L = . /10 is appropriate for another reason when
—

che lon spectrum is being studied. As was shown in Section C, it is

necessary to have i ~10 in this case. Taking ‘kl-kq‘: ZkLsin(qu/Z)

where Bl’ is the angle between El and _2 this requirement on x implies

1

lkL \Dsin S 12

72) N 10

which, using 1+ = vz k T/E e:, reduces to
D o Be e

0o}
BIH
o7
-
uﬁl
=
™

max

Thus the maximum scattering angle 912

that can be used for a given
temperature depends on the ratio \L/\ .
max

For T = 100eV and . = % /10 the maximum angle is 6 = 42°,
e L c 12

and raising Te to 1 weV lowers Q?if to 13°. These angles are not
unreasonable experimentally, but clearly the choice of L significantly
smaller than \c/lO would lead to experimentally unacceptably small
angles. Thus in the case of ion scattering we must use long wave-
length sources both to maximize the scattered power ana to allow a
reasonable scattering angle.

The choice of wavelength has the additcional effect of imposing
a lower bound on a, the focal radius of the imposed fields and hence

the radius of the scattering volume. Difiraction sets the limit

wnere I is the focussing £ number. Wwhether <his limit Is iporoached
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Jdepends on the particular source, and f will be constrained by the ex-

periment. It is significant to note, however, that if a is set equal g

to this lower limit and RL is assumed to be /10, the scattered power, '
c

PA’ becomes independent of density!

P o= 3.4 x 10 o "17253 S 35 ~5) El' EZ
B

<
(34l

L~

SCETR T . ('n (1V=4
cr (% e) (‘Watts) IV=-41)
2. Source bandwidth

Four wave scattering and Thomson scattering differ in the sense
that the scattered field in Thomson scattering inherentlv has a finite
spectral width characteristic of the plasma parameters if the bandwidth

of the source is narrow. On the other hand, four-wava scattering be-

cause it obevs the frequency matcling condition (IV-20) produces an

output beam whose spectral width is determined sclelv bv the spectral widtias
of the input beams. If it is desired to obtain a complete spectrum

on one shot with four-wave scattering, one of tle Iinput sources

should have a spectral width comparable to the width of the Ifunction

Suzs. LS), while the other source or sources shoul.d have a much

narrower width.

As discussed in Section C, the width of the ion part of

3i%.s ~.) 13 much less than that of the elecrtron part. In both cases
3 3
the rone-sideddspectrum is Jontained vitain
2.3




unless the ion-acoustic or electron-plasma resonance is strong. Thus

to obtain a full (two-sided) spectrum one of the sources should have

the bandwidth

P - £ i B 2 (IV=-42
SE = kv LOf, v, sin 12/ ( )

where VTU is the electron or ion thermal velocity. Thus the ratio

AEL/EL = iIL/KL depends only on the particle welocity and the scattering

angle.

For hydrogen at Ti = 100eV for the ion spectrum this ratio

is ;rL/fL= 3.3 x 10 -sin(elz/Z), and for Ti = 1 keV ;fL/rL=1.O x

; 10™2 sin(elv/Z). These bandwidths are reasonable to expect from some

laser sources, and the much narrower width needed from the other source

P

or sources is also achievable. For the electron spectra the widths
become very large so that few laser sources could provide them.

By

3. Comparison with Thomson Scattering

. We've seen in Section € that the spectral functions of four-

wave scattering and Thomson scattering, while not identical, do not

differ gsreatly in interesting parameter ranges, i.e., x-°1 for the

- ion spectrum and 4 -1 for the electron spectrum. In these ranges, the
spectra nave thelr maximum or nearlv maximum values at the center,

1 w = ). Thus we wiil :ompare the scattered powers bv taking their

_{ racios at this point.

[
L
Qo




-

. - .2
The power available from Thomson scattering 9 ser

unit frequencv is

dp

3
>
>

N

2 -
= ron, id Pi :T(R,J) ka X i C1V=43,

Q“
[a )

where ne is the electron density, ¢ is the length of the scattering

volume, d : is the collection solid angle, P. is the source power, ind
i

ST(k’ ~) is the Thomson scattering spectral function. At . =0, 5_ %, .

assumes the values

where (9 is the value at »=0 of 1 + xi(k, .) o+ Ae Kk, .
The spectral function from four-wave scattering, 3{k., . .i/:

assumes the values at 4, = 0

Sie, 10y = ve_ zn
tiv==D )




If it is assumed that the four-wave scattering power is distributed
over the bandwidth QEL given by (IV-42), then the ratio of four-wave

to Thomson scattering powers assuming Pi=P is

3
, 2.2 - - 2
P /2 Na“ :
A " 1.2 Pzt (1V-46)
dP,_ /d 5.6 2dn | VTe  VTe T
1

for x>» 1., The factor in brackets is omitted for x << 1. Here
again,vi = eEi/memi is the electron quiver velocity. This way of

writing the ratio emphasizes the role of the ratio vi/vTe which should

be small to avoid strong nonlinearities. The coefficient of the
velocity factor can easily be very large so that four-wave scattering
exceeds Thomson scattering for a broad range of input powers.

Figure ( IV-4 ) is a plot of the lines

Pa/_;[L
dPT/df
in the space of plasma density and input power (assuming Pl= P= P3= Pi)
. for two plasma temperatures in hvdrogen. The dashed curves are the

lines vi/v 1 showing the upper limit on source powers imposed by

th =

strong nonlinear effects. The wavelengths are chosen to be -T=«A/lO
— (93

as discussed in subsection 1. Jor lower densities the focal radius is

taken as a = 1.22f% with a conservative choice of £=30. For higher

T

=

F densities and shorter wavelengths a is arbitrarilv ser to a = 1 mm.

The factor .d.. from Thomson scattering is limited by spectral distortion
- ; -z . S . A=l

and imaging effects. rOr our estimates it is taken o be 10 “cm-sr.

3 Figure ( V=< ) illustrates dramaticallv the advantage that can

‘ e zained Irom Zour-wave scattaring, particularlv when it 15 noted that
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above the solid lines enhancements increase as the square of the input
power. A wide range of sources are available which can provide suffi-
cient power ranging from, for instance, commonly used ruby and Nd-glass
lasers, to COz lasers in the infrared, to optically pumped submillimeter
lasers such as D

2O and CH3F, to conventional microwave sources. Thus

plasmas over a very broad range of density are accessible to this diag-

nostic. In the case of Tokamak plasmas, for instance, Thomson scattering

from the ions requires power levels above the solid line in Fig. ( IV-4 )
just to overcome background, so that anytime Thomson scattering can be

performed at the wavelength ziven, four wave scattering would be advantageous.

4. Scattered Power

The power scattered due to four-wave interactions, eq.(IV-31),

is plotted in Fig. ( IV - 5 ) for the same assumptions as were used in
Fig. ( IV - 4 ). The input wavelengths are all taken as \C/lO,

. the focal radius is a = l.22f,‘~_L for f = 30 below 10!? electrons/cm’
and a = 1 mm above; a hydrogen plasma is assumed; and all the input
sources are assumed to have the same power, 1 MW for the solid lines
and 1 GW for the dashed lines.

b -3 , ; ;
Below lOl cm the assumptions lead to the scattered power

S e

being independent of densitv (Eq. (IV-41)) in marked contrast to

Thomson scattering. The scattered power i3 smaller for nigher electren
hal

. terperacur2 plasmas due to its T ° dependence.
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5. Possible Experimental Configurations

So far in the discussion the only restrictions that have been
placed on the experimental use of four-wave scattering have been

on the general frequency range and bandwidth of the sources,

the -igle between ri and Eé, and the matching conditions for the

scattered wave eq. (IV-20):

p— __.+_ —_—

k& = k3 - (kl - kz)
+

JQ = w3 - (ul - nz)

In addition the electric fields él and éz should not be polarized
perpendicular to each other so that fgl- 52;2 does not vanish.
The lack of further restrictions on the scattering geometry, beam
polarizations, and even the number of beams needed allows a
flexibility that can provide several advantages over other tech-
niques. To illustrate this point several possible experimental
configurations will be described.

If only two beams are imposed on a plasma the formalism
of this chapter is all completelyv valid upon the substitutions

k3 =k, and &4 = .,. The matching conditions Eq. (IV-20) for

-~

anti-Stokes scattering then become

T T W
L, T LK,= K
T4 1 2 L -
(Iv-47)
= 2. .
S 172
This tvpe of scatrering is called "CARS" for coherent anti-stokes
Raman spectroscopv, a term coined by the atomic and molecular ‘
spectroscopists. This :onfiguration is illustrated schematicall-




in Tg., (IV-6 ). The polarizations of E, and E, would ideally be

1

made parallel to each other and perpendicular to ka.
The Stokes component of such a two beam interaction has
matching conditions

kK, =k, - (x
4 1 (1V=43,
v, = ow = (.

4 1

(%)

1”2/

This scattered field emerges along one of the beam directions.

It could be detected if, for instance, El were circularly polarized

and E., were plane polarized. A polarizer downstrean of Ey could

block EZ and allow a component of E, (which would also be circularlv
&4

polarized) to pass to the detector. Because this effectively rotates

the polarization of part of E, this interaction has been termed

RIKES for Raman-induced Kerr effect spectroscopy. It is illustrated

in Fig. ( Iv-7).

A third class of experiments could be performed using three
separate beams with frequency 3 being significantlv different from
1 or TE This could help alleviate strav lisht problems. These
are illustrated in Fig. ( 1v-8 ).

Jne distinct advantage of all four-wave scattering techniques
is that the scattered field i3 localized in a3 well-collimated beam.
This allows the collection {/number to equal the focussing f/number
of the input beams, allowing good reiection of anv plasma radiacicn

or strav light. This is in distinct contrast to the situation in

U

Thomson scattering where the collection Angle siould be maximizec.
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In all of these configurations [{ields El and E, could even bde
allowed to be broadband with I as given the subsection 2, even
L
derived from the same source. By monitoring the spectral shapes ot

the input sources, the spectral shape of the spectral function

could be unfolded.
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